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Abstract 
Global consumption for confectionery products are growing and is exerting enormous 
pressures on confectionery supply chains across the world to efficiently utilise natural 
resources towards becoming environmentally sustainable. However, there are a disparate 
range of studies investigating the environmental impacts of confectionery products, and more 
importantly how to improve environmental sustainability performance. In this thesis, the aim 
was to improve knowledge of opportunities for reducing environmental impact in 
confectionery manufacturing – from factory to supply chain – by developing methodological 
tools based on heat integration and Life Cycle Assessment (LCA). A range of novel 
methodologies were developed to advance heat integration and LCA knowledge, including (1) 
a heat integration framework combining direct and indirect heat exchange from zonal to 
multiple zones, possibly incorporating heat pump technology to enhance low grade heat 
recovery;  (2) methodologies for systematically improving Life Cycle Inventory (LCI) data 
based on the role of multinational companies and for conducting effective LCA for 
confectionery products; and (3) a methodology to assess and quantify the environmental life 
cycle impacts of multi-product food factories. These methodologies have been applied at a 
multi-product confectionery factory, which has revealed significant findings: (1) combining 
direct and indirect heat integration from zonal to multiple zones can reduce factory energy 
by 4.04–6.05%, (2) heat pump technology can reduce factory energy by up to 29.2% but 
imposes design complexity and long economic paybacks up to 6.62 years, (3) fine bakery ware 
products on average was found to have the highest aggregated environmental life cycle 
impacts (higher than chocolate products by 7.1%, milk-based products by 18%, and sugar by 
51.9%), and (4) combined improvement strategies of 50% energy reduction with 100% 
renewable energy, zero food waste to landfill (inc. 50% food waste reduction), and raw 
material changes to lower impacts can potentially reduce: Global Warming Potential by 
65.82%, water depletion by 43.02%, abiotic depletion potential by 20.66%, land use by 
17.45% and ecosystem quality by 7.24%. Overall, this research has culminated in several 
contributions to knowledge which substantially increases understanding of how to improve 
the environmental sustainability of confectionery manufacturing across the product, factory 
and supply chain level. The research will serve as a guide for future improvements, research 
and policies of confectionery manufacturers, supply chain actors, policy makers, and research 
institutes. 
Keywords: Confectionery Manufacturing; Energy Efficiency; Heat Integration; Life Cycle 
Assessment; Life Cycle Inventory
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Executive Summary 
Background to Research 
For many people, confectionery products form part of their daily intake of food whether it is 
chocolate, sugar or fine bakery ware products. On average per day, it is estimated that a 
person in the UK consumes 20g of chocolate, 14g of sugar confectionery, and 32g of fine 
bakery ware. Such consumption is growing and is exerting enormous pressures on 
confectionery supply chains across the world that have limits on production to efficiently 
utilise natural resources towards becoming environmentally sustainable. However, due to the 
fast-moving nature of consumption and consumer preference for different confectionery 
products, there is currently a disparate range of studies investigating the environmental 
impact of confectionery products by LCA. Such analyses are important to critically guide the 
confectionery industry towards a high level of environmental sustainability, and more 
importantly, to identify future work required in order to achieve an advanced state of 
environmental sustainability.  
Aims and Objectives 
In this thesis, the aim was to improve knowledge of reducing environmental impact in 
confectionery manufacturing – from factory to supply chain – by developing novel 
methodological tools based on heat integration and LCA. The specific research objectives 
were: 
(1) To develop methodologies for heat recovery and reuse based on pinch analysis, and 
the recovery of low grade heat based on heat pump technology; 
(2) To develop a LCI data collection method for confectionery products; and to develop a 
methodology to analyse the environmental life cycle impacts of different 
confectionery products covering chocolate, sugar and fine bakery ware; and 
(3) To develop a methodology to evaluate the environmental life cycle benefits of 
engineering and supply chain improvements for multi-product factories. 
 
Method and Approach 
An overarching research approach was adopted based on a small-scale transdisciplinary 
process developed for the EngD (Engineering Doctorate) project. The transdisciplinary 
process combines gaps in knowledge and practical industry insights, and acts as the main 
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route to develop methodologies using heat integration and LCA. Furthermore, due to the 
specific nature of exploring heat integration and LCA, a case study approach was adopted for 
the whole EngD project. The Nestlé Fawdon factory (Case Factory) was chosen to allow an in-
depth investigation of these elements of heat integration and LCA. While the case study 
approach does have its limitations its use here was deemed to be appropriate given the 
complexity of the challenge faced and the need for an in-depth exploration. Despite the 
research being located at the Case Factory, the case is made that the results have wider 
applicability as food factories share similar features. 
Studies and Results 
In total, five  methodologies (two on heat integration and three on LCA) have been developed. 
Each methodology provides unique answers to reducing environmental impact in 
confectionery manufacturing by heat integration and LCA. Overall, the application of the 
methodologies at a multi-product confectionery factory has revealed some significant 
findings. These include:  
(1) Combining direct and indirect heat integration from zonal to multiple zones can 
reduce factory energy by 4.04–6.05%; 
 
(2) 60 – 80% of heat integration solutions are by indirect heat exchange which involve a 
high level of complexity;  
 
(3) heat pump technology can reduce factory energy by up to 29.2% but imposes design 
complexity and long economic payback period’s up to 6.62 years; 
 
(4) 100 new LCI datasets for confectionery products can be collected in 5 months based 
on the role of multi-national companies; 
 
(5) The average environmental life cycle impacts for sugar, chocolate, biscuit and milk-
based confectionery across five environmental impact categories are:  
 
5.1. Global Warming Potential (GWP): 1,800, 5,589, 5,162 and 4,258 kg CO2-eq per 
tonne of product, respectively; 
5.2. Water Depletion (WD): 1,196, 1,021, 1,253 and 1,048 m3 per tonne of product, 
respectively; 
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5.3. Abiotic Depletion Potential (ADP): 4.64, 7.76, 5.56 and 7.17 kg Sb per tonne of 
product, respectively; 
5.4. Land use (LU): 313, 4,026, 3,824 and 2,551 m2 per tonne of product, 
respectively; and 
5.5. Ecosystems Quality (EQ): 1,142, 865, 1,164 and 1,030 PDF.m2.year per tonne 
of product, respectively.  
 
(6) Across five environmental impact categories, fine bakery ware products were found 
to have the highest aggregated environmental life cycle impacts. On average, based 
on a functional unit of 1 tonne of product, the fine bakery ware products were higher 
than chocolate products by 7.1%, milk-based products by 18%, and sugar by 51.9%. 
 
(7) The factory stage is responsible for the following environmental life cycle impacts 
based on twenty confectionery products: 15% of GWP, 44.9% of WD, negligible for 
ADP and LU, and 57.4% of EQ; 
 
(8) The raw materials and processing stage is responsible for the following environmental 
life cycle impacts based on twenty confectionery products: 76.6% of GWP, 41.4% of 
WD, 86.3% of ADP, 98.7% of LU, and 26.3% of EQ; 
 
(9) Key ingredients which can reduce aggregate environmental impact by 11.9% - 66.7% 
across sugar, cereal-based, caramel-based, dark chocolate, wafer-based, biscuit-
based and milk-based confectionery include: sugar, glucose, starch, milk powder, 
cocoa butter, cocoa liquor, milk liquid, wheat flour and palm oil; 
 
 
(10) Raw material changes to alternative ingredients and/or lower environmental 
impact ingredients can generate the highest environmental life cycle impact reduction 
based on twenty confectionery products. On average, GWP reduced by 49.7%, WD 
reduced 9.3%. ADP reduced by 20.1%, LU reduced by 17.20%, and EQ reduced by 
7.59%; 
 
(11) At the product level, the combined improvement strategies of raw materials 
changes, product reformulations and zero food waste to landfill (including 50% food 
waste reduction) can on average reduce: GWP by 54.3%, WD by 14.2%, ADP by 26.4%, 
LU by 24%, and EQ by 11.2%. 
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(12) At the factory level, the combined improvement strategies of 50% energy 
reduction with 100% renewable energy, zero food waste to landfill (including 50% 
food waste reduction), and raw material changes to lower impacts can potentially 
reduce: GWP by 65.82%, WD by 43.02%, ADP by 20.66%, LU by 17.45% and EQ by 
7.24%. 
 
Conclusions  
The EngD project has provided an in-depth analysis of reducing the environmental impact of 
confectionery manufacturing by heat integration and LCA. Overall, the research has 
culminated in several contributions to knowledge across heat integration and LCA. These 
contributions are supported by real world demonstrations at a multi-product confectionery 
factory along with six publications in peer-reviewed journals (Miah et al 2014a; Miah et al 
2015a; Miah et al 2015b; Miah et al 2015c; Miah et al 2017a, Miah et al 2017b). The scientific 
contributions are: 
(1) A heat integration framework combining direct and indirect heat exchange 
provides a new way of thinking about heat integration in the food industry from 
zonal to multiple zones; 
(2) A heat integration framework considering heat pump technology to enhance 
low grade heat recovery by a combination of direct and indirect heat exchange 
in diverse and complex factories; 
(3) A framework to increase LCI data based on the role of multi-national companies; 
(4) A LCA methodology for confectionery products; and 
(5) A methodology to assess and quantify the environmental life cycle impacts of 
multi-product food factories considering engineering improvements. 
Furthermore, the research has wider implications and can contribute to advancing industrial 
practice in both the confectionery industry and wider food sector. These include: 
(1) Providing guidance to decision-makers on how to navigate the search for heat 
recovery solutions based on the heat integration framework combining direct 
and indirect heat exchange incorporating heat pump technology from zonal to 
multiple zones; 
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(2) Providing guidance on how companies can efficiently collect Life Cycle Inventory 
(LCI) data across the food supply chain. It is expected the research will encourage 
other food companies to collect LCI and contribute to considerably expanding 
LCI data to benefit everyone; and 
(3) Providing a strategic tool to evaluate the environmental life cycle performance 
of a factory product portfolio comprising multiple products, and the 
environmental life cycle benefits of capital investments in engineering 
improvements at factories.  
Finally, the scope for further research continuing from this body of work is exciting. There are 
several opportunities in a number of areas that have the potential to further enhance the 
environmental sustainability of confectionery manufacturing. These are: 
(1) Investigate the recovery of heat by district heating systems and other technological 
interventions such as Organic Rankine Cycles (ORCs) and Thermoelectric Generators 
(TEGs) as part of the developed heat integration framework; 
(2) Investigate the development of raw materials with lower environmental impact, 
especially for the following ingredients: sugar, glucose, starch, milk powder, cocoa 
butter, cocoa liquor, milk liquid, wheat flour and palm oil; 
(3) Investigate the environmental life cycle benefits of a wider range of renewable 
technologies, especially for heating applications; 
(4) Investigate the development of LCA methodologies to analyse the environmental 
impact associated at an industry level. For example, European confectionery industry; 
(5) Investigate the social and economic dimensions of confectionery manufacturing as 
part of a sustainability assessment framework; and 
(6) Investigate the role of multi-national confectionery companies to act as sustainable 
supply chain leaders.  
 
Overall, the EngD project has culminated in several contributions to knowledge which 
substantially increases understanding of how to improve the environmental sustainability of 
confectionery manufacturing across the product, factory and supply chain level. The research 
will serve as a guide for future improvements, research and policies of confectionery 
manufacturers, supply chain actors, policy makers, and research institutes. 
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Readers Guide 
The EngD portfolio is divided into two volumes. Volume I is a dissertation that presents a 
thesis for examination. The thesis is divided into chapters, as illustrated in the tabulated guide 
below. 
Guide to Volume I 
Chapter 
number 
Title Content 
 Executive Summary This chapter sets out the main thesis. 
1 Introduction This chapter provides the context and challenges for the 
research project. 
2 Literature Review This chapter provides a review of the broader strategic 
environmental challenges facing the food industry and 
confectionery industry. 
3 Overarching Approach This chapter presents the overarching approach to focus the 
EngD project on heat integration and LCA and how the 
methodologies were developed. 
4 Heat Integration in Processes with 
Diverse Production Lines 
The following chapters which provide the major contributions 
to knowledge start with a literature review to show gaps in 
knowledge, followed by the proposed methodology, results, 
discussions and conclusions.  
• Chapter 4 presents a heat integration framework 
combining direct and indirect heat exchange; 
• Chapter 5 presents a heat integration framework 
considering heat pump technology to recover low 
grade heat; 
• Chapter 6 presents a LCI data collection 
methodology based on the role of multinational 
companies; 
• Chapter 7 presents a LCA methodology for 
confectionery product; and 
• Chapter 8 presents a methodology to assess and 
quantify the environmental life cycle impacts of 
multi-product food factories considering engineering 
improvements. 
5 Maximising the Recovery of Low 
Grade Heat by Heat Pump 
Intervention 
6 Confectionery Supply Chain Data: 
A Methodology for Increasing Life 
Cycle Inventory Data Based on the 
Role of Multinational Companies 
7 Environmental Management of 
Confectionery Products: Life Cycle 
Impacts and Improvement 
Strategies 
8 From Factory to Supply Chain: 
Evaluating the Environmental Life 
Cycle Benefits of Engineering and 
Supply-chain Improvements in 
Multi-product Factories 
9 Overview Discussion and 
Conclusions 
This chapter provides an overview discussion, reflection and 
conclusions of the EngD project in regards to the research 
objectives. 
 
Volume II consists of all the six month progress reports which charts how the research 
developed. There is some overlap with the material presented in Volume I and should only be 
read as reference material to illustrate research progression. 
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Chapter 1: Introduction 
1.1. Background and Motivations for Research  
Over the last decade, improving the sustainability of food production and consumption has 
become a key priority for the food industry, governments and civil society (FDF, 2016, WRAP, 
2015, Foresight, 2011). However, due to the diversity and complexity of the food system – 
from local to global – there are unprecedented challenges to transition towards becoming 
healthy, nutritious and environmentally sustainable (FAO, 2016, Garnett, 2016, WRAP, 2015). 
The challenges include climate change, resource efficiency, water scarcity, and land 
availability (European Commission, 2011, CEO Water Mandate, 2011, Foresight, 2010). 
In the confectionery industry, these challenges are amplified due to the fast-moving nature 
of consumption and consumer preference for different confectionery products. For example, 
it is estimated a person in the UK consumes on average per day 20g of chocolate, 14g of sugar 
confectionery, and 32g of fine bakery ware (Statista, 2015, CAOBISCO, 2013). Such products 
are not regarded as a staple food but consumed as a ‘treat’ since they are inherently low in 
nutrition and health benefits due to their high sugar and fat content. However, due to the 
changing consumer demand and increasing consumption, there are enormous pressures on 
the confectionery supply chain, in particular from raw materials acquisition to manufacturing, 
to be flexible, resilient and environmentally sustainable (Salter, 2017, Pirker and Obersteiner, 
2016, CIAT, 2011).  
As a sector, the confectionery industry is highly diverse and complex. For example, there are 
over 12,700 confectionery manufacturers across Europe producing speciality and mass 
produced products that can be divided into three main product categories; (1) chocolate 
products, (2) sugar products, and (3) fine bakery ware (CAOBISCO, 2015). However, there are 
limited studies investigating the supply chain Environmental Impacts (environmental impact) 
of different types of confectionery products by LCA (Vesce et al, 2016, Jungbluth and Konig, 
2014, Buser and Jungbluth, 2009, Ntiamoah and Afrane, 2008, Wallen et al, 2004, Nilsson et 
al, 2011, Wiltshire et al, 2009, Konstantas et al, 2017). Such analyses are important to critically 
guide the confectionery industry towards a high performance of environmental sustainability, 
and more importantly to identify future work required in order to achieve an advanced state 
of environmental sustainability. Overall, some of the major gaps in knowledge include: lack 
of consistent analysis, limited product types, and limited improvement strategies (Vesce et al, 
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2016, Jungbluth and Konig, 2014, Buser and Jungbluth, 2009, Ntiamoah and Afrane, 2008, 
Wallen et al, 2004, Nilsson et al, 2011, Wiltshire et al, 2009, Konstantas et al, 2017a). 
Furthermore, for many confectionery manufacturing companies, improving the 
environmental performance at their direct operations such as food factories has become a 
central, if not an immediate focus, as part of an evolving corporate sustainability strategy 
(Cargill, 2017, Nestlé, 2016, PepsiCo, 2015). The typical areas covered include energy, water 
and waste. In practice, energy has become the main priority to reduce due to its high 
contribution to manufacturing costs and impact on climate change (Schulze et al, 2016, May 
et al, 2016). However, like many other food sectors, the confectionery industry has benefited 
from implementing the simple, low cost energy projects as part of an energy efficiency 
programme that can deliver fast environmental reductions (FDF, 2016). Any further 
improvements introduce higher costs and complexity, as such there is an urgent need to 
develop unique solutions that are economically feasible and practical to further reduce 
environmental impact at the manufacturing level (Griffin et al, 2016, IEA, 2010, Fischer et al, 
2007). 
Currently, several interventions exist to reduce energy in manufacturing operations (Xu et al, 
2015, IMechE, 2014, Duflou et al, 2012). For example, energy efficient technologies, heat 
recycle and reuse by pinch analysis, energy recovery technologies for low and high-grade 
heat, behaviour change, and renewable energy. All of these interventions have varying levels 
of complexity, but can offer scope to reduce energy by a considerable amount (May et al, 
2016, Xu et al, 2015, Duflou et al, 2012). However, there are limited studies exploring heat 
recycle and reuse by pinch analysis and energy recovery of low and high grade heat in the 
food industry (Eiholzer et al, 2017, Amon et al, 2015, Sturm et al, 2015). There is no 
understanding of how these interventions contribute to reducing environmental impact in 
confectionery manufacturing. Further research is required to investigate the application of 
heat recycle and reuse by pinch analysis and energy recovery of low and high grade heat in 
confectionery manufacturing.  
Overall, there are two major research questions that arise on reducing environmental impact 
of confectionery manufacturing by heat integration and LCA. These are: 
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(1) What is the role of heat integration in improving energy efficiency in confectionery 
manufacturing? 
(2) What are the environmental life cycle impacts of confectionery manufacturing? 
1.2. Research Aim and Objectives 
Based on the research questions, the aim of the EngD project was to improve knowledge of 
reducing environmental impact in confectionery manufacturing – from factory to supply chain 
– by developing novel methodological tools based on heat integration and LCA. The specific 
research objectives are: 
(1) To develop methodologies for heat recovery and reuse based on pinch analysis, and 
the recovery of low grade heat based on heat pump technology; 
(2) To develop a LCI data collection method for confectionery products; and to develop a 
methodology to analyse the environmental life cycle impacts of different 
confectionery products covering chocolate, sugar and fine ware bakeries; and 
(3) To develop a methodology to evaluate the environmental life cycle benefits of 
engineering and supply chain improvements for multi-product factories. 
1.3. Research Approach 
An overarching research approach was adopted based on a small-scale transdisciplinary 
process developed for the EngD project (Miah et al, 2015b). The transdisciplinary process 
combines gaps in knowledge and practical industry insights, and acts as the main route to 
develop methodologies using heat integration and LCA. Furthermore, due to the specific 
nature of exploring heat integration and LCA, a case study approach was adopted for the 
whole EngD project. The Nestlé Fawdon factory (Case Factory) was chosen to allow an in-
depth investigation of these elements of heat integration and LCA. While the case study 
approach does have its limitations its use here was deemed appropriate given the complexity 
of the challenge faced and the need for an in-depth exploration. Despite the research being 
located at the Case Factory, the case is made that the results have wider applicability as food 
factories share similar features. 
1.4. Thesis Structure  
The thesis is divided into ten chapters. Chapter 1 provides an introduction that includes the 
research background, aim, objectives, and the research approach adopted. A review of the 
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literature on the broader challenges in the food industry, confectionery industry, and supply 
chain environmental impact of confectionery products is provided in Chapter 2. Chapter 3 
provides a description of the overarching approach including an overview of the case 
company Nestlé. This is followed by five separate chapters providing an in-depth exploration 
of the gaps in knowledge, proposed methodology, results and discussion of heat integration 
and LCA in confectionery manufacturing:  
• Chapter 4 considers how heat integration can be applied to increase energy efficiency; 
• Chapter 5 considers the role of heat pump in improving energy efficiency; 
• Chapter 6 explores how environmental supply chain data can be collected for 
confectionery products; 
• Chapter 7 analyses the supply chain environmental impact of five confectionery 
products and provides several improvement strategies; and 
• Chapter 8 provides an analysis of how factory level improvements affect supply chain 
impacts.  
An overview discussion is then presented in Chapter 9 to discuss the research approach and 
results in a wider context. Finally, the conclusions for both science and industry is provided in 
Chapter 10. 
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Chapter 2: Literature Review 
2.1. Introduction 
This chapter develops the contextual background to the research challenges of reducing the 
environmental impact of confectionery manufacturing. It starts by providing an overview of 
the broader food industry as a whole, and then discusses the environmental challenges facing 
the industry in Section 2.2. Section 2.3 describes the influence of such challenges in the 
confectionery industry by providing an overview of the confectionery industry, products, 
technologies and gaps in knowledge.  
2.2. The Food Industry 
2.2.1. Overview of the Food Industry  
The food industry is one of the largest, most complex and important manufacturing sectors 
in the world. The scale of operations can be attributed to the simple need that there are 7 
billion people in the world who are recommended to consume on average 2000 kcal daily 
comprised of a balanced diet (GDA, 2014). The food industry is highly important in meeting 
the basic human needs where the industry has a major responsibility and a high level of trust 
from the public to provide safe, nutritious and high quality food to sustain life and good health 
(Horton et al, 2017, Garnett, 2016, Aung and Chang, 2014). 
Due to the diversity of people across the globe, the food preferences are also diverse which 
have resulted in hundreds of thousands of different kinds of food products available to 
consumers. Such demands have resulted in a global food system that is highly sophisticated 
and complex in terms of the extensive supply chain structure encompassing Research and 
Development (R&D), raw materials acquisition, processing and conversion, distribution, sale, 
consumption and disposal (Kirwan et al, 2017, Garnett, 2014). Such a system has many actors 
(e.g. farmers, food manufacturers, distributors, retailers and consumers), can operate at 
different scales from local to international and can involve several companies that conduct 
business-to-business and business-to-consumer. The actors range from local food shops 
procuring local produce to multi-national food companies operating globally. 
Overall, the food industry operates in complex and highly dynamic business, environmental 
and social environments. For example, a multi-national food company that operates in both 
developed and developing countries will encounter different business and regulatory 
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environments which impacts the way in which they are able to sell their products and source 
raw materials. In addition, the diversity of people living in different countries will have 
different attitudes for food types and a food company will have to try to appease the changing 
consumer demand whilst maintaining competitive. 
2.2.2. Transitioning to a Sustainable Food System 
Currently, the global food system is highly unsustainable which is damaging to the 
environment and incapable of feeding the world due to societal needs and the limits of 
natural resources around the world (Tilman and Clark, 2015, Global Footprint Network, 2015). 
It is estimated that about “805 million people of the 7.3 billion people in the world, or one in 
nine, were suffering from chronic undernourishment in 2012-2014” (FAO, IFAD and WFP, 
2014). The current state of affairs in society has continued to force the food industry to 
transition towards a food system which is sustainable across many dimensions covering 
economic, social and environmental (WRAP, 2015, Foresight, 2011). 
Due to the global nature of the food system, the food industry in different parts of the world 
are connected by economic markets where the trade of food is influenced by market 
mechanisms such as supply and demand, food tariffs and the willingness to pay certain prices 
for food products. However, such mechanisms has resulted in a food system that has 
experienced increased costs of food, gross inefficiencies, unequal distribution of food, and 
environmental damage (Sala et al, 2017, Fajgelbaum and Khandelwal, 2016). As such, 
governments, NGOs and civil society have had to take a stronger role to correct market 
failures and ensure the food system is able to meet the demands of all people across society 
as part of a sustainable and green economy (WRAP, 2015, DEFRA, 2006, UNEP, 2011a). 
Some of the social pressures exerted onto the food industry towards sustainability include 
food security (Horton et al, 2017, Global Food Security, 2011), food standards (Clonan et al, 
2012), sustainable diets (Garnett, 2016), green consumers (young et al, 2009) and legislation 
(Climate Change Act, 2008). Such pressures are often translated into action by food 
companies in the form of Corporate Social Responsibility (CSR). CSR can be defined as “…the 
continuing commitment by business to behave ethically and contribute to economic 
development while improving the quality of life of the workforce and their families as well as 
the local community and society as large” (WBSCD, 2000: 8). Unfortunately, CSR strategies 
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are developed and implemented based on the priorities of a company that ultimately have 
the aim to be financially profitable.  
Overall, the economic prosperity of the food industry and demands from society is highly 
dependent on the planets physical resources known as natural capital (World Forum on 
Natural Capital, 2016). There are several environmental limits such as regenerative capacity 
of food production systems, climate change, water availability, and land use, which are 
compounding the transition to a sustainable food system.  
2.2.3. Environmental Challenges Impacting the Food Industry 
2.2.3.1. Regenerative Capacity of the Earth and Food Growing Limitations 
By 2050, the food industry is expected to increase its food output by 70% in order to feed a 
rising world population of 9.1 billion people (FAO, 2009). However, the current food industry 
is highly unsustainable and operates in a larger system which has exceeded nature’s total 
supply (productive land areas e.g. forests, pastures, cropland and fisheries) since the 1980s, 
known as the ‘ecological overshoot’ (Global Footprint Network, 2015; Wackernagel, 2002). 
A key analysis by Rockstrom et al (2009) explored a range of processes to be controlled in 
order to provide a safe operating space for the planet to avert global environmental change 
known as planetary boundaries, shown in Figure 2.1. The nine processes include: climate 
change, rate of biodiversity loss, interference with the nitrogen and phosphorus cycles, 
stratospheric ozone depletion, ocean acidification, global freshwater use, change in land use, 
chemical pollution, and atmospheric aerosol loading. 
 
Figure 2. 1: The inner green shading represents the proposed safe operating space for nine planetary systems. 
The red wedges represent an estimate of the current position for each variable which shows three systems 
have already been exceeded (Rockstrom et al, 2009). 
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Given the environmental challenges at a planetary scale, the ability of the food industry to 
increase production output is limited on the regenerative capacity of the earth. Further 
increases in production output will need to be achieved through significant improvements in 
overall material efficiency and respect planetary boundaries across the food supply chain e.g. 
agriculture, processing, manufacturing, and distribution (Garnett, 2016).  
2.2.3.2. Climate Change and Energy  
Climate change and energy consumption are inextricably linked due to the greenhouse gasses 
emitted when fossil fuels are consumed and released into the atmosphere e.g. carbon 
dioxide. At a global level, energy consumption is predicted to increase as the world population 
increases (IEA, 2011). As a consequence, the increase in primary energy usage of fossil fuels 
will result in an increase in carbon dioxide released to the atmosphere that will result in the 
warming of the Earth’s climate due to the greenhouse effect (IPCC, 2007). The effects of 
climate change include droughts, storms, desertification, species extinction, freshwater loss, 
and human migration, shown in Figure 2.2 for various temperature increases. 
 
Figure 2. 2: Projected impacts of climate change (Stern, 2006). 
Overall, the impacts of climate change poses major risk to the food industry. In particular, the 
environmental conditions of food production are highly sensitive to climatic changes where 
temperature increases can cause the yield of crops to decline (CIAT, 2011). Such changes can 
have a catastrophic effect to farmers and businesses in ensuring a stable food supply for the 
future.  
2.2.3.3. Water Availability and Scarcity 
The ability to grow food is highly dependent on the availability of water. For example, water 
is required to build plant cells and transport nutrients around the plant. However, the 
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availability of water at a global level is limited and scarce across different parts of the world, 
shown in Figure 2.3. 
 
Figure 2. 3: Global physical and economic water scarcity (UN, 2014). 
Some of the major areas responsible for water consumption across different countries and 
regions include municipal, industrial and agricultural use (UNESCO, 2017). However, the rate 
of consumption in these areas have been increasing to the point where water use has been 
growing at more than twice the rate of population increase in the last century (UN, 2014). 
Such pressures are causing water stress (i.e. annual water supplies below 1,700 m3 per 
person) and water scarcity (i.e. annual water supplies below 1,000 m3 per person) in certain 
regions of the world, shown in Figure 2.3 (UN, 2014). As such, the utilisation of water requires 
sustainable management practices based on conservation principles to reduce water stress. 
2.2.3.4. Arable Land and Competition for Use 
The primary method for large scale food production takes place on arable land to grow crops, 
vegetables, fruits, and to rear live stock. For example, in the UK approximate 25% of the land 
area is used for agriculture (The World Bank, 2015). However, the available land for 
agriculture use is limited and competes for different purposes, including water resource 
management, conservation, woodlands and forestry, managing flood risk, energy production, 
residential and commercial development, transport infrastructure and recreation (Foresight, 
2010). As the world population increases and peoples’ diets become richer in terms of the 
diversity of food products and nutrients, the competition for land use will increase. 
Consequently, arable land will need to be highly productive to meet an increasing demand 
(Ewert et al, 2005). 
2.2.3.5. Waste Losses across the Supply Chain 
It is estimated that one-third of food produced for human consumption is lost or wasted 
globally (FAO, 2011).  The types of losses across the supply chain include agricultural losses, 
Page | 36  
 
postharvest losses, processing losses, distribution waste, and consumption waste (Kummu et 
al, 2012). The nature of losses can be both technical and social. For example, the technical 
dimensions of processing losses occur around the manufacturing equipment employed to 
convert raw materials into finished products such as chocolate bars. The social dimensions 
are related to how people consume and buy food e.g. consumer behaviour. 
Currently, there are many institutions across society who advocate for a zero waste world 
based on closed loop/circular thinking where waste is seen as a resource or input into another 
process (Ellen McArthur Foundation, 2012, WRAP, 2015). However, the achievement of such 
a vision will require all actors (e.g. farmers, food and beverage manufacturers, distributors, 
retailers, consumers and waste disposal) across the food supply chain to work together. 
2.2.4. Summary of Gaps in Knowledge  
Due to the scale and diversity of the food industry, there are inevitably several gaps in 
knowledge. However, some of the major strategic gaps in knowledge that can contribute to 
improving the overall environmental sustainability of the food industry includes: 
(1) Sustainable processes and technologies: Developing food production processes and 
technologies that increase resource efficiency at multiples levels of operation;  
(2) System analysis tools: Adopting life cycle thinking to assess, manage and improve 
environmental sustainability performance; 
(3) Sustainable nutrition: Developing products which improve environmental 
sustainability but also nutrition and health; 
(4) Sustainable consumption: Investigating consumption behaviours and interventions 
to reduce environmental impact; and  
(5) Sustainable supply chains: Developing sustainable and resilient supply chains, 
investigating the role of supply chain leaders, and collaboration tools. 
 
Overall, the above gaps are by no means an exhaustive list but identifies the strategic areas 
addressing reduction of environmental impacts in the food industry. As such, the gaps in 
knowledge will influence different sectors of the food industry in different ways based on 
their relevance to the types of products manufactured, supply chain structures and business 
environment. 
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2.3. The Confectionery Industry  
2.3.1. Overview of the Confectionery Industry  
From as far back as the Aztecs discovering the benefits of cocoa beans (Talbot, 2006), the 
confectionery industry has moved from a niche, local sector comprised of many local 
confectioners to a multi-billion-dollar industry characterised by iconic brands and multi-
national companies (Candy Industry, 2017, CAOBISCO, 2015).  
Currently, the confectionery industry is a highly dynamic and competitive sector producing a 
diverse range of products enjoyed by billions of people around the globe of all ages and 
background. For example, it is estimated a person in the UK consumes per day on average 
20g of chocolate, 14g of sugar confectionery, and 32g of fine bakery ware (Statista, 2015, 
CAOBISCO, 2013). Due to the volume of consumption, confectionery products has formed 
part of the normal diet for many people in the UK and abroad (FSA, 2014). As a result, the 
amount of confectionery products produced in Europe has increased year-on-year (Statista, 
2016). Such consumption is exerting enormous pressures on confectionery supply chains 
across the globe that have limits on production (Salter, 2017, Pirker and Obersteiner, 2016, 
CIAT, 2011).  
The challenges which affect the confectionery industry also resonate with the broader 
challenges faced by the food industry as a whole. The challenges include regenerative 
capacity of agricultural systems, climate change, energy security, water availability, food 
waste and land use (Rockstrom et al, 2009, Kummu et al, 2012, Ewert et al, 2005). For 
example, the suitability of cocoa production which only occurs in certain parts of the world 
(e.g. Ivory Coast, Nigeria, Brazil and Indonesia) are expected to decline as the favourable 
climatic conditions changes gradually from increased temperatures due to the impacts of 
climate change, shown in Figure 2.4 and 2.5 for the Ivory Coast (CIAT, 2011).  
Overall, the confectionery industry has taken steps to reduce the environmental impact of 
confectionery manufacturing as part of a wider Corporate Social Responsibility (CSR) strategy. 
For example, by reducing sugar, salts and fats (IFST, 2015), and developing sustainable and 
traceable supply chains for sensitive ingredients fraught with abuses in child labour such as 
cocoa beans and palm oil (Nestlé, 2015a; Schrage and Ewing, 2005; FOE, 2005). Such 
initiatives have provided the pathway for confectionery manufacturers to consider wider 
environmental issues across the full supply chain as part of sustainable development (Holden 
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et al, 2017). For example, by reducing energy and water consumption and protecting 
biodiversity (Cargill, 2017, KraftHeinz, 2016, PepsiCo, 2015). 
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Figure 2. 4: Current suitability of cocoa production in the Ivory Coast (CIAT, 2011). 
 
Figure 2. 5: Suitability for cocoa production in the Ivory Coast in 2030 (CIAT, 2011). 
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2.3.2. Types of Products and Supply Chains 
The types of products produced by the confectionery industry is highly diverse and complex, 
ranging from simple products such as hard boiled sweets to multi-component products 
containing multiple ingredients and functionality. According to the ‘Chocolate, Biscuits and 
Confectionery of Europe’ (CAOBISCO), the types of products can be categorised into three 
main product categories; (1) chocolate products, (2) sugar products, and (3) fine bakery ware 
(CAOBISCO, 2015). The type of chocolate products includes chocolate bars, pralines, white 
chocolate and chocolate spreads. Whereas sugar products includes chewing gum, boiled 
sweets, toffees, caramels, gums, and jelly confectionery. In comparison to both, fine bakery 
ware products is a broad category that includes chocolate coated biscuits, gingerbreads, 
crispbreads, rusks, toasted bread, matzos, savoury biscuits and cakes. Such products are sold 
in different seasons and others all year around. Overall, the diversity of products results in 
complex food structures requiring an advanced understanding of formulation science and 
engineering to create nutritious and tasty recipes. 
Due to the diversity of products there are complex supply chains which span the globe, 
especially in regions of the world where ingredients such as cocoa beans and palm oil are only 
available e.g. Ivory coast, Ghana and Indonesia. As such, the upstream section of the 
confectionery supply chain is under immense pressure to accommodate the growing demand 
of consumers whilst being fast, flexible and environmentally sustainable (Statista, 2016, Pirker 
and Obersteiner, 2016, CIAT, 2011). For the manufacturing of confectionery products, the 
factories are typically located close to the point of sale e.g. top consuming countries include 
Switzerland, Germany and the UK. For the downstream supply chain, the manufactured 
confectionery products are then sold primarily in a retail environment such as supermarkets 
and convenience stores.  
2.3.3. Types of Confectionery Processing Technologies and Manufacturing 
There are 12,700 confectionery manufacturers across Europe that utilise specialised 
technology, if not propriety technology to produce confectionery products (Buhler, 2017, 
BOSCH, 2017). A list of the types of technologies found for the different confectionery product 
groups are shown in Table 2.1. 
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Table 2. 1: Examples of the types of processing technology found across different confectionery product group 
(Source: Buhler, 2017; BOSCH, 2017). 
Chocolate technology Sugar technology Fine bakery ware technology 
(1) Enrobers  
(2) Moulding plants 
(3) Cookers 
(4) Chocolate temperer 
(1) Crystallization 
(2) Dryers 
(3) Panning 
(4) Starch moulding 
(1) Ovens 
(2) Cookers 
(3) Temperer 
(4) Extrusion   
In a manufacturing environment, the confectionery processing technology form core 
production lines comprised of both processing technologies and machines such as conveyor 
belts and drums. Due to the diversity of product types, it is common to find production lines 
connected to multiple packing lines to pack different product variations of the core product 
known as Stock Keeping Units (SKUs). However, there is surprisingly little information on the 
environmental profiles of confectionery manufacturing e.g. energy, water and waste (Fellows, 
2009). For example, Fellows (2009) only provide energy intensities for sugar and chocolate 
confectionery products of 8 and 8.6 MJ/kg, respectively. Furthermore, such data is over 8 
years old and does not go into any further details on how to reduce energy. In comparison, 
Aigroup (2017) provide general options to reduce energy in confectionery manufacturing but 
do not demonstrate any advanced options which can potentially reduce energy by more than 
5% e.g. heat integration (Kemp, 2007).  
2.3.4. Environmental Impacts of Confectionery Products 
Currently, there are a range of disparate studies investigating the environmental impact of 
different types of confectionery products by an advance systems analysis tool known as LCA 
(ISO, 2010), shown in Table 2.2 (Vesce et al, 2016; Jungbluth and Konig, 2014; Buser and 
Jungbluth, 2009; Ntiamoah and Afrane, 2008; Wallen et al, 2004; Nilsson et al, 2011; Wiltshire 
et al, 2009; Konstantas et al, 2017a). 
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Table 2. 2: Comparison of environmental LCA studies for different confectionery products. 
No# Reference Confectionery type Functional Unit Scope of boundary Environmental impact category Environmental hotspots 
1 Vesce et al (2016) Chocolate 1 kg of chocolate Gate-to-gate: Production and 
packaging, use and disposal 
Human health 
Ecosystem quality 
Climate change 
Resources 
Energy consumption 
during manufacturing, 
transportation, packaging 
2 Jungbluth and Konig (2014) Chocolate 1 kg of chocolate Cradle-to-grave: Agricultural, 
manufacturing, retail, use and 
disposal 
Cumulative Energy Demand (CED) non-
renewable 
GWP 
UBP 2006  
UBP 2013 
Farming and 
manufacturing 
3 Büsser and Jungbluth (2009) Chocolate 1 kg of chocolate Cradle-to-grave: Agricultural, 
manufacturing, retail, use and 
disposal 
Cumulative Energy Demand (CED) non-
renewable  
Global Warming Potential (GWP) 
Ozone Layer Depletion  
Acidification 
Eutrophication 
Farming and 
manufacturing 
4 Ntiamoah and Afrane (2008) Chocolate (Cocoa based 
products e.g. cocoa 
butter, cocoa liquor 
etc.) 
1kg of cocoa beans processed Cradle-to-gate: Agricultural and 
manufacturing 
Global Warming Potential 
Atmospheric acidification 
Eutrophication 
Photochemical ozone creation 
Freshwater aquatic eco-toxicity 
Terrestrial eco-toxicity 
Human toxicity 
Ozone layer depletion 
Depletion of abiotic resources 
Pesticides and fertilizers 
in cocoa cultivation 
5 Wallen et al (2004) Sugar and chocolate 12 kg of chocolate / sugar 
 
Manufacturing and packing CO2 emissions 
Total energy 
Use of fossil fuels 
Energy use 
None provided 
6 Nilsson et al (2011) Sugar (1) 125g of foam sweets  
(2) 2 kg of jelly sweets  
 
Cradle-to-gate: Agricultural, 
manufacturing, distribution, 
retail, and disposal 
Global Warming Potential (GWP) 
Eutrophication 
Primary energy 
Ingredient production 
and production plant 
7 Wiltshire et al (2009) Fine ware bakery 165g of Jaffa Cake Agricultural, manufacturing and 
disposal 
GHG emissions Raw materials and factory 
8 Konstantas et al (2017a) Fine ware bakery 1kg of packaged biscuits Cradle-to-grave Primary Energy Demand (PED) 
Global Warming Potential (GWP) 
Water footprint 
Land use 
Raw materials 
production, 
manufacturing and 
transport 
9 Konstantas et al (2017b) Fine ware bakery 1kg of packaged cupcake Cradle-to-grave Primary Energy Demand (PED) 
Global Warming Potential (GWP) 
Water footprint 
Raw materials 
production, 
manufacturing and 
transport 
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2.3.4.1. Type and Number of Confectionery Products 
In total, only 9 studies were found which presented environmental impact of confectionery 
products (Table 2.2). However, they are limited in both the type and number of confectionery 
products analysed. For example, across 9 studies only 4 were focused on chocolate, 1 on 
sugar, 3 on fine bakery ware and 1 looking at both sugar and chocolate. As such, it can be 
seen that there is a stronger focus on chocolate products and a lack of comparative analysis 
between the different types of confectionery products. For example, Wallen et al (2004) was 
the only researcher to consider two different types of confectionery products. Overall, there 
is no analysis that compares all the different types of confectionery products together.  
Furthermore, the number of confectionery products analysed within each study varies. For 
example, Konstantas et al (2017a), Jungbluth and Konig (2014), Büsser and Jungbluth (2009) 
were the only researchers to analyse more than two confectionery products. This is important 
because it demonstrates a level of reliability since benchmarking products with each other 
provides a sense of accuracy. In comparison, Nilsson et al (2011) and Wiltshire et al (2009) 
only analysed single products. Overall, there are only a few studies that analyse more than 
two confectionery products and no analysis that compares multiple products in the sugar 
category.  
2.3.4.2. Scope and System boundary 
The scope and system boundary analysed varies across all the 9 studies from the full supply 
chain to different aspects of the supply chain, shown in Table 2.2. For example, a full chain 
system known as cradle-to-grave was analysed by Konstantas et al (2017a), Jungbluth and 
Konig (2014), Büsser and Jungbluth (2009). However, the supply chains for chocolate 
products did not consider pre-processing of intermediary chocolate materials such as milk 
crumb and milk chocolate. In addition, the role of food waste and inefficiencies was not 
included which can increase the environmental impact (Notarnicola et al, 2017). 
In comparison, Vesce et al (2016), Ntiamoah and Afrane (2008), and Nilsson et al (2011) only 
analysed the upstream section of the supply chain from cradle-to-gate (raw materials to 
manufacturing). Whereas, Wallen et al (2004) and Wiltshire et al (2009) only consider 
environmental impact associated with the manufacturing stage. Such analysis does not 
provide a genuine life cycle analysis since only part of the supply chain are considered. Overall, 
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due to the variation in the scope and system boundary between all the studies, they do not 
provide a reliable or accurate basis to compare the environmental impact of confectionery 
products. 
2.3.4.3. Environmental Impact categories 
The range of environmental impact categories considered varies across all nine studies, 
shown in Table 2.2. For example, 21 indicators have been found ranging from human health 
to climate change to ecosystems quality. The most common environmental indicator was 
GWP, primarily due to its role in climate change and costs associated with mitigating carbon 
dioxide emissions by companies. Furthermore, Vesce et al (2016) was the only researcher to 
consider human health and ecosystems quality and Konstantas et al (2017a) was the only 
researcher to consider water impacts and land use. Although, the land use impacts are not 
measured in land area (m2) change but how it increases GWP. Despite this, such impacts are 
important because they provide a wider range of environmental impact that affect the whole 
food industry e.g. energy, water, land changes and biodiversity (FDF, 2016). In particular, the 
ecosystems quality indicators provides a broad measure on the loss of biodiversity that can 
affect food production systems. Overall, apart from GWP, there is a very limited scope to 
compare environmental impact for different confectionery products, in particular for 
sensitive and emerging environmental impact categories affecting the food industry such as 
water, land use, and biodiversity. 
2.3.4.4. Environmental Impact and Improvement Strategies 
Due to the variety of environmental impact categories and the inconsistencies in the way in 
which the results have been presented across all nine studies, only GWP was able to be 
compared, shown in Figure 2.6. For other indicators found across the confectionery products 
(e.g. CED, Eutrophication, and ozone layer depletion), it was found in those respective studies 
no specific values were reported (i.e. a percentage) and/or there was gross inconsistency with 
the magnitude of value (e.g. Eutrophication values found in Ntiamoah and Afrane (2008) 
versus Nilsson et al (2011)).  
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Figure 2. 6: Comparison of Global Warming Potential (GWP) for different confectionery products. (1) = Jungbluth 
and Konig, 2014, (2) = Büsser and Jungbluth, 2009, (3) = Ntiamoah and Afrane, 2008, (4) = Vesce et al (2016, (5) 
= Wallen et al, 2004, (6) = Nilsson et al, 2011, (7) = Wiltshire et al, 2009, (8) = Konstantas et al, 2017a, and (9) = 
Konstantas et al, 2017b. 
For GWP impacts, it can be seen in Figure 2.6 that there is a wide range of variability across 
all the confectionery products. For example, the GWP impacts for chocolate products 
experiences the most change from 0.32 – 4.1 kg CO2-eq/kg. In comparison, the GWP impacts 
for fine bakery ware products ranges from 1.29 – 2.50 kg CO2-eq/kg and sugar products ranges 
from 2.5 – 3.92 kg CO2-eq/kg. Overall, the difference in values is largely attributed to the 
scope and boundary and composition of product ingredients.  For example, Jungbluth and 
Konig (2014) carried out a full supply chain LCA on chocolate products and found chocolate 
production including farming and processing of the raw materials and manufacturing of 
chocolate accounted for 69% - 93%. Specifically, the role of milk powder and cocoa beans 
contributed to the high impact. 
Similarly, Buser and Jungbluth (2009) carried out the same analysis on chocolate products but 
considered a wider range of environmental impact categories and sensitivity analysis of two 
scenarios. However, the sensitivity analysis was limited by only highlighting that more 
individual traffic journeys and refrigeration of chocolate bars will increase environmental 
impact. In addition, the role of ingredients and compositions were highlighted but was not 
investigated. 
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In comparison, Vesce et al (2016) carried out an LCA on chocolate products in Italy but the 
scope was gate-to-gate. In their analysis, they found the energy consumption to have the 
most significant environmental impact, followed by transport of raw materials and packaging. 
However, they did not consider other aspects of the upstream and downstream supply chain.  
Furthermore, Ntiamoah and Afrane (2008) analysed the key ingredient in chocolate products 
by focusing specifically on the environmental impact associated with cocoa production and 
processing in Ghana from cradle-to-gate. In their study, they also present cocoa production 
to be the largest contributor to environmental impact, whereas the processing of cocoa beans 
was second. In comparison to the aforementioned chocolate studies, a range of improvement 
strategies was explored at the farm and factory level. For example, fertilizer and pesticides 
reduction at the farm level and natural gas substitution at the factory level. However, the 
improvement strategies are limited and land use impacts such as loss of biodiversity was not 
included.  
For sugar products, Nilsson et al (2011) analysed the environmental impact of Jelly and foam-
based sugar confectionery from cradle-to-grave. For both sugar confectioneries, it was found 
the ingredient production is the largest contributor for environmental impact, and the factory 
stage is the second largest contributor. At the factory stage, the largest contributor to 
environmental impact was energy consumption. However, the analysis was limited by only 
considering three environmental impact categories (e.g. GWP, eutrophication, and primary 
energy) 
For fine bakery ware products, Wiltshire et al (2009) analysed the environmental impact of 
Jaffa Cakes where the system boundary were defined as manufacturing of raw materials, the 
processing stages at the factory, all transport operations of materials and waste streams and 
waste disposal operations. In this study, the raw materials were found to be the highest 
contributor to environmental impact, whereas the factory was second, primarily due to 
energy sources. However, only GWP was considered as the environmental impact category. 
Recently, Konstantas et al (2017a) analysed the environmental impact of six biscuit products 
from cradle-to-grave. It was found that chocolate-coated biscuit had the highest 
environmental impact compared to vanilla cream-based biscuits across PED and GWP. This 
study includes two new indicators (water footprint and land use) which have not been 
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previously considered in the aforementioned studies. However, for the water footprint 
impacts, no specific environmental hotspots were provided and for land use change it was 
found raw materials contribute the highest percentage to GWP.  
To conclude, although there have been several studies analysing environmental impact of 
confectionery products, these studies contain numerous limitations. Some of the major 
limitations amongst all the studies are; (1) single product analysis (primarily chocolate) which 
only provides a limited representation of the diverse confectionery products found in the 
confectionery industry, (2) inconsistent system boundaries which omit parts of the supply 
chain resulting in inaccurate environmental impact, (3) lack of environmental impact 
categories which does not provide a balanced overview of impacts, especially the impacts 
associated across the confectionery production – land – water – and energy nexus, and (4) 
limited quantifiable improvements strategies to demonstrate effective improvements to 
prioritise across the full supply chain, especially in manufacturing and raw materials. 
2.3.5. Summary of Gaps in Knowledge  
Overall, based on the disparity of existing studies, there are inevitably major gaps in 
developing a full and holistic overview of the environmental sustainability of the 
confectionery industry. Such analysis is important to critically guide the confectionery 
industry towards a high performance of environmental sustainability. Some of these gaps in 
knowledge are defined by the following research questions:  
(1) What are the environmental impact of different confectionery products from cradle-
to-grave? 
(2) What are the comparative environmental impact across the different confectionery 
product groups? 
(3) What are the environmental hotspots across multiple environmental impact 
categories? 
(4) How can a wider range of environmental impact categories be measured across the 
confectionery supply chain e.g. energy, water, land use and biodiversity? 
(5) Which confectionery product category has the highest environmental impact? 
(6) How do functional units affect the environmental analysis of various confectionery 
products? 
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(7) What improvement strategies can deliver effective environmental impact reductions 
across product categories and the confectionery industry? 
Clearly, the potential breadth of analysis of the issues relating to environmental impacts of 
confectionery manufacturing is expansive. In order to focus the EngD project, specific areas 
of analysis have been strategically selected using a transdisciplinary process described in 
Chapter 3. 
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Chapter 3: Overarching Approach 
3.1. Introduction  
This chapter describes the overarching approach to achieve the aim and objectives of the 
EngD project based on a transdisciplinary process. The specific methods adopted for each 
component of the project will be covered in the relevant chapter. The transdisciplinary 
process provides the platform to create new knowledge and novel methodologies based on 
gaps in knowledge and practical insights involving a researcher (author), practitioners from 
the industrial sponsor (Nestlé UK Ltd), and academics from the University of Surrey. This 
chapter will begin with a brief introduction to Nestlé, the company providing the strategic 
context for the td process, and followed by an overview of the td process in Section 3.3. An 
outline of the approach taken has been published in Miah et al (2015b). 
3.2. Description of Case Company: Nestlé UK Ltd 
3.2.1. Overview of Nestlé Across The Globe and UK 
The case company is Nestlé UK Ltd. (Case Company), a large food company in the UK and a 
subsidiary of Nestlé SA who are a global leading nutrition, health and wellness food company 
in terms of sales (Nestlé, 2015). Their overarching ambition is to enhance people’s lives 
through nutrition, health and wellness at all stages of life and at all times of the day based on 
a foundation of science through research and development (Nestlé, 2014). 
Across the globe, Nestlé operate in 197 countries and have  442 food factories producing  over 
10,000 different products covering powdered and liquid beverages, water, milk products and 
ice cream, nutrition and health care, prepared dishes and cooking aids, confectionery, and 
petcare. In the confectionery division alone, they have 120 confectionery factories across the 
globe where they manufacture iconic brands generating over a billion dollars globally such as 
Kit Kat. As an organisation, they have considerable knowledge and experience of food 
manufacturing across the whole food supply chain, rooted in over 150 years of history. As 
such, they offer scope for high-impact research by providing unique industrial insights and 
research needs that may not be found through conventional literature reviews. 
In the UK, Nestlé are a major company within the UK and Irish food industry, employing 6,500 
employees across the 20 sites of all their business, see Figure 3.1. In total, they have 14 food 
production facilities of which four are confectionery-based manufacturing sites.  
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Figure 3. 1: Case Company locations (Nestlé UK Ltd, 2015b). 
3.2.2. Creating Shared Value and Environmental Sustainability 
Nestlé believes that to enhance and protect their business, the company must go beyond 
compliance and sustainability and create new and greater value for their people, their 
shareholders, business partners and society as a whole. Nestlé calls this ‘Creating Shared 
Value’ (CSV) (Figure 3.2) (Kramer and Porter, 2011).   
 
Figure 3. 2: Nestlé Creating Share Value (CSV) (Nestlé, 2016). 
As part of their CSV strategy, Nestlé regularly engages with a broad range of stakeholders at 
the local, national and international level that has led to the development of 38 commitments 
covering nutrition, rural development, water, environmental sustainability, and our people, 
human rights and compliance (Nestlé, 2016).  
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From a global and environmental sustainability perspective, Nestlé’s CSV strategy has 
significantly reduced their environmental impact across their operations and is embarking on 
a trajectory to decouple environmental impact from production growth, see Figure 3.3. 
 
Figure 3. 3: Nestlé’s global environmental performance between the years 2005-2014 (Nestlé, 2015a). 
Nestlé’s CSV strategy has received major recognition by a range of environmental and 
sustainability indices such as Carbon Disclosure Leadership Index, CDP Water Programme, 
Dow Jones Sustainability Indices, FTSE4Good, and Oxfam Behind the Brands. As a company, 
Nestlé are committed to addressing society’s most critical challenges in a collaborative 
approach whilst maximising the shared value (Nestlé, 2015a). 
3.2.3. Case Factory: Nestlé Fawdon Factory in the UK 
The case factory is the Nestlé Fawdon confectionery factory (Case Factory) which is based in 
the North East of England, shown in Figure 3.4. The factory is located in Newcastle Upon Tyne.  
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Figure 3. 4: Nestlé Fawdon factory (Nestlé, 2015). 
The Case Factory is an exemplary case factory as it manufactures a diverse range of 
confectionery products that covers the three main product groups representing the 
confectionery industry e.g.  sugar, chocolate and fine bakery ware. In total, thirteen brand 
products are spread across approximately 130 product variations known as Stock Keeping 
Units (SKUs) that are sold to a range of customers both in the UK and across the globe.  
In addition, due to the diversity of products, the factory has a complex arrangement with 
many product and packaging areas utilising a diverse range of confectionery processing 
technologies that can be found elsewhere in the confectionery industry. For example, 
chocolate moulding, wafer ovens, biscuit ovens, centre depositors, starch depositing, 
cooking, layering, panning, chocolate enrobing and extrusion etc.  
 
Furthermore, the Case factory is actively seeking ways to reduce environmental impact, in 
particular solutions that require longer-term research to explore and investigate. As part of 
this drive, the Case Company have developed the Lighthouse project which aims to establish 
a sustainable manufacturing site at the Case Factory in the North East of England, acting as a 
blueprint to lead and inspire the rest of Case Company’s UK factories towards sustainable 
manufacturing. The Lighthouse model has six ‘pillars’ towards achieving the environmental 
and social sustainability goals of the company, which include; energy, water, waste, natural 
capital, value chain, and people and community. 
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Overall, Nestlé are a very suitable company to act as both the Case Company and Case Factory 
due to their manufacturing experience across the globe and ambition to further reduce 
environmental impact. 
3.3. Transdisciplinary Process 
3.3.1. Overview of the Small-scale transdisciplinary process 
As part of the EngD SEES programme, a research engineer was embedded in the industrial 
sponsoring organisation on a near full-time arrangement. One of the key benefits of this 
arrangement was that the research engineer had access to company resources and industrial 
practice that considerably enhanced the impact of research. A collaborative process was 
developed to identify and combine gaps in knowledge found in the literature with the 
knowledge found from industrial observations and insights from industrial actors and 
academics.  
One such approach was by a transdisciplinary process. The transdisciplinary process enables 
complex, societally relevant real-world problems to be addressed through the involvement of 
many stakeholders, from both science and practice. The stakeholders provide different 
perceptions of the problem, different ideas about solutions, and each contribute their own 
knowledge and expertise in a collaborative, integrative and mutual learning process that 
transcends their own traditional disciplines and experience to form a shared robust solution 
(Thompson et al, 2001, Max-Neef, 2005, Choi and Pack, 2006, Scholz et al, 2014). A common 
definition of transdisciplinary is that of the Zurich 2000 which was developed from the 
participation of 500 researchers and 300 practitioners in a conference setting in Zurich in 
2000. transdisciplinary is defined as follows: 
“Transdisciplinary research takes up concrete problems of society and works out 
solutions through cooperation between actors and scientists.” (Scholz and Marks, 
2001) 
For the EngD project, a small-scale transdisciplinary process was developed which provided 
the operational basis to achieve the research aims from the involvement of the research 
engineer, industrial sponsor (Case Company) and the University of Surrey, shown in Figure 3.5 
(Miah et al, 2015b).  
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Figure 3. 5: Small-scale transdisciplinary process (Miah et al, 2015b). 
The transdisciplinary process was driven by the research engineer who ensured that science 
and industry come together on a shared ‘ill-defined’ problem, an unsustainable confectionery 
factory. The research engineer managed the process and adopted a joint approach to develop 
a collaborative, integrative and mutual learning process for all actors. The aim of the 
transdisciplinary process was to achieve a shared robust solution towards a common goal e.g. 
maximising energy efficiency of a food factory. The key features of the small-scale 
transdisciplinary process are as follows: 
(1) Small-scale application involving a small number of people from the science and 
industry domain. This is important because complex problems do not always require 
large groups of stakeholders to resolve, especially at a local or regional level; 
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(2) The role of the research engineer to act as a transdisciplinary champion; main 
researcher, facilitator, and manager. The research engineer acts as the main interface 
between industry and academia to principally manage and drive progress on the 
development of bespoke solutions. The integration of knowledge and mutual learning 
process takes place via the research engineer; 
(3) A core sequential transdisciplinary process that follows conventional problem-solving 
approaches, which includes; shared ‘ill-defined’ problem, problem specification, 
generating ideas, solution development, application, and dissemination of knowledge. 
A conventional problem solving approach is adopted as it is utilised in both the science 
and industry domain; and 
(4) A core multidisciplinary supervisory team that provide the main representation and 
knowledge from both the science and industry domain and forms the core 
transdisciplinary team. The exchange of knowledge is primarily driven via the research 
engineer. 
The above features, implemented as part of a small-scale transdisciplinary process, provide a 
holistic approach for developing a robust solution to achieving the aim and objectives of the 
EngD project. In the following sub-sections, the core transdisciplinary process is only 
described to show how the process can lead to the development of bespoke methodologies. 
The reader is referred to Miah et al (2015b) for descriptions of other aspects of the 
transdisciplinary process. 
3.3.2. Core Sequential transdisciplinary process  
The transdisciplinary process is centred on a core sequential problem solving process that is 
solely managed and driven by the transdisciplinary champion (research engineer). The 
process starts from shared ‘ill-defined’ problem, problem specification, generating ideas, 
solution development, application and dissemination of knowledge. The features of the 
process that differentiate from general problem solving are: 
(1) Joint problem definition from both science and industry 
(2) Knowledge integration from both science and industry 
(3) Mutual learning from both science and industry 
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3.3.2.1. Joint Problem Definition from both Science and Industry 
The shared ‘ill-defined’ problem was discussed and jointly defined through several meetings 
due to the availability of people and size of the transdisciplinary team. This involved 
familiarisation with the shared ‘ill-defined’ problem, developing a project direction, goal 
setting and creating a terms of reference for working. The meetings were important because 
they provided a forum for the members of the transdisciplinary team to articulate differing 
views and ideas to be reconciled and aligned from members of the transdisciplinary team by 
sharing and discussing their vision for the project.  
3.3.2.2. Knowledge Integration and Mutual Learning from both Science and 
Industry 
The process to integrate knowledge and mutually learn from both the science and industry 
domains took place at each stage of the core sequential problem solving process via the 
research engineer. Both the science and industry domain contained different ‘knowledge 
sources’ which were utilised to establish the research focus, develop and apply the solution, 
and then disseminate the knowledge. The initial search for ideas took place in a number of 
ways, but primarily the approach involved: 
• Research engineer conducted full literature review and presents back to 
transdisciplinary team; 
• Research engineer engaged with academic and industrial supervisors on a separate 
basis from preliminary literature review; 
• Research engineer engaged with people outside of the transdisciplinary team e.g. 
industrial practitioners, academic staff and friends; and 
• Academic supervisors shared their knowledge and experience of the field to the 
research engineer and/or transdisciplinary team. 
3.3.3. Outcomes of the Transdisciplinary Process: Research Focus and 
Contributions to Knowledge  
Overall, the outcome of the td process revealed two specific areas of research to focus upon 
based on gaps in knowledge. The two research areas that the EngD projects focuses on are: 
(1) Improving energy efficiency at the Case Factory, in particular from heat integration; 
and 
(2) To use LCA to explore the environmental impact at various scales. 
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Both of these outcomes aligned with the broad aims of the Case Company Lighthouse strategy 
(shown in Figure 3.6) and their overarching Creating Shared Value (CSV) strategy. The Case 
Company were seeking to understand and implement bespoke solutions to improve the 
environmental sustainability of their factory network, especially the Lighthouse factory in 
Newcastle, UK. One of Case Company’s aims is to understand advanced ways to reduce 
energy as part of their transition to a low carbon site, and to explore how the value chain 
pillar can be strategically integrated with factory engineering improvements such as heat 
integration from a supply chain perspective. 
 
 
 
Lighthouse Project Aims: 
Pillar 1: Energy  
“Transition to a low carbon site” 
Pillar 2: Water   
“Optimized water withdrawal and use across site” 
Pillar 3: Waste   
“Transition to a zero-waste site” 
Pillar 4: Biodiversity   
“Recognized as promoting and developing biodiversity in the 
North East” 
Pillar 5: Value Chain  
“Optimized environmental impact across the value chain” 
Pillar 6: People and Community  
“Recognized as a good corporate citizen and adding value to 
the community” 
Figure 3. 6: The Lighthouse project six-pillar model and aims (Miah et al, 2015a). 
While the transdisciplinary process provided some foci that fitted within the Case Company 
agenda it is important to note that both of these broad outcomes provided unique 
opportunities to carry out original research. The focus on heat integration provided an 
opportunity to explore some important gaps in knowledge which are underexplored in the 
food industry such as heat integration across multiple parts of food factories (Stamp and 
Majozi, 2017), combining heat integration exchange methods (Song et al, 2017), recovering 
low grade heat (Liew et al, 2016), and the role of energy recovery technologies such as HPs to 
maximise energy efficiency (Oluleye et al, 2016).  This is important because the energy profile 
of the food industry is very diverse and offers scope to develop new heat integration 
methodologies (Fellows, 2009). This will not only improve our understanding of heat 
2. Water
3. Waste
4. People & 
Community
5.Value 
Chain
6. 
Biodiversity
1. Energy 
Establish Fawdon as a sustainable, 
low carbon, manufacturing site, 
acting as a blueprint for other sites. 
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integration in the food industry, but can also be applicable for wider industries that have 
multiples production plants, low grade heat and waste heat e.g. hygiene and health products, 
chemicals, and pharmaceuticals.   
 
Furthermore, the focus on LCA at various scales allowed some original questions to be 
addressed, most notably on how the collection of Life Cycle Inventory (LCI) can be increased 
from the involvement of companies, how LCA can be used to assess the environmental life 
cycle benefits of engineering improvements, how LCA can be used to assess the 
environmental sustainability of food factories, and what are the environmental life cycle 
impacts associated with confectionery manufacturing. Such questions are important because 
they advance methodological development for both LCI and LCA, improve our understanding 
of LCA in the confectionery industry and create new knowledge on the environmental impact 
of confectionery manufacturing and associated supply chains (Jungbluth and Konig, 2014; 
Meinrenken et al, 2014; Mila i Canals et al, 2011).  These questions are not only relevant for 
the 12,700 confectionery manufacturers in Europe but also the food industry as a whole. 
3.4. Summary 
Overall, this chapter has provided an overview of the overarching approach to focus the EngD 
project based on a transdisciplinary process involving the research engineer, academics and 
industrial actors from the Case Company. The two specific research areas that can contribute 
to reducing environmental impact in confectionery manufacturing are: (1) heat integration 
and (2) LCA. The proceeding chapters presents the contributions to knowledge in these two 
areas. 
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Chapter 4: Heat Integration in Processes with Diverse 
Production Lines  
4.1. Introduction 
Heat recovery has long been a key measure to improving energy efficiency in industrial 
operations. While a substantial amount of research has been dedicated to approaches 
concentrating on direct or indirect heat exchange methods, there is still a lack of a 
comprehensive and practical framework to guide practitioners, particularly in the context of 
food manufacturing involving multiple production lines. The research presented in this 
chapter aims to develop a decision-support tool to guide users to practically recover heat at 
different levels in a factory of such a complexity by a combination of direct and indirect heat 
exchange. 
The chapter begins by presenting an overview of the literature from drivers to reduce energy 
to heat integration via pinch analysis in the food industry in Section 4.2. This is followed by a 
description of the proposed methodology to recover heat by direct and indirect heat 
exchange from zonal to multi-zonal analysis in Section 4.3. A demonstration of the proposed 
methodology is shown for a confectionery case study in Section 4.4. Next, a discussion of the 
proposed methodology and how it advances knowledge in heat integration is shown in 
Section 4.5. Lastly, the conclusions are provided in Section 4.6. 
4.2. Literature Review 
4.2.1. Drivers to Reduce Energy in Confectionery Factories 
The rise in industrial energy prices over the past decade (DECC, 2012) and interest in 
environmental sustainability has seen many food manufacturers in general focusing on 
energy reduction as a top priority (FDF, 2016). However, there is surprisingly little information 
on the confectionery industry, in particular on energy profiles of confectionery products and 
how energy reductions are possible. This is important because there are 12,700 confectionery 
manufacturers across Europe where confectionery products have a medium-to-low energy 
consumption compared to other food products, shown in Figure 4.1. 
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Figure 4. 1: Energy consumption during processing for different food products. Confectionery products 
highlighted in red (Fellows, 2009). 
4.2.2. The Energy Hierarchy 
There are various ways food factories have sought to enhance energy efficiency by adopting 
different measures that largely follow the energy hierarchy but in a mixed approach (Cargill, 
2017, KraftHeinz, 2016, PepsiCo, 2015). This is because different options for increasing energy 
efficiency have varying levels of complexity, ease of implementation and financial costs.  
Nonetheless, the energy hierarchy outlines a guide to reduce energy use and move towards 
renewable energy and therefore low carbon, see Figure 4.2 (IMechE, 2014).  
 
Figure 4. 2: Energy hierarchy (IMechE, 2014). 
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Ideally, the first approach should be a redesign of the product to be more energy efficient in 
the manufacturing process through LCA (ISO, 2010) and Design for Sustainability (UNEP, 
2009). This is because the product and its associated processing determine the energy 
consumption. However, this approach requires considerable time in terms of Research and 
Development (R&D) to implement but can offer energy reductions in the long term.  
In comparison, a common approach which is more simple and quicker in terms of realisation 
of benefits has been through capital investment to install, retrofit or replace equipment and 
machinery that have lower energy efficiency (Griffin et al, 2016). This could also lead to a 
restructuring of production lines to make them more energy efficient. However, major capital 
investment is often prohibitive, especially when it could result in a loss of production as the 
new equipment is installed.  
Another approach is through behavioural changes by providing training and real-time energy 
data to factory operators as an input to change their behaviour that is pro-environmental. 
However, the effectiveness of this approach is variable as ongoing training is required due to 
what can be a highly dynamic and transient workforce.  
Finally, another approach is known as heat integration. This is the recovery and reuse of heat 
in production processes to design the most energy efficient heat exchanger network. In heat 
integration the aim is not necessarily to replace existing equipment but to redesign the 
distribution of heat so as to make sure that as little heat as possible is wasted. This approach 
requires an analysis of the existing distribution system to identify the best options for change; 
one approach for doing this is known as pinch analysis (Kemp, 2007; Linnhoff et al, 1982). A 
pinch study is typically done after the former two approaches (retrofit/replace and training) 
have been considered and implemented. Overall, pinch analysis has shown considerable 
energy reductions across different sectors, shown in Figure 4.3.  However, there is currently 
no pinch analysis reported for confectionery factories. 
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Figure 4. 3: Potential energy savings in different industrial sectors by applying pinch analysis (Source: Khanam 
and Biswal, 2009). 
4.2.3 Heat Integration 
4.2.3.1. Principles of Heat Exchange  
heat integration involves the exchange of heat between two different fluids based on their 
temperature intervals. For example, the second law of thermodynamics states that heat flows 
from a higher temperature to a lower temperature. Any given pair of hot and cold process 
streams may exchange as much heat as allowed by their temperatures and the minimum 
temperature difference, to achieve maximum heat recovery, as shown in Figure 4.4. 
 
Figure 4. 4: Available heat exchange from a pair of hot and cold process streams. 
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Conventionally, heat integration has been developed from the perspective of direct heat 
exchange based on a continuous mode of operation (Kemp, 2007). However, there are several 
disadvantages that limit this technique. For example (Bandyopadhyay et al, 2010): 
(1) Direct integration may involve complex networking with multiple streams. Thus, the 
cost of integration increases with the number of pumps and compressor units; 
(2) Direct integration may involve topological disadvantages as well as chemical and 
safety hazards due to direct integration of faraway streams; and 
(3) Direct integration of processes offers less operational flexibility and controllability of 
the overall plant. 
Furthermore, such systems based on a direct heat exchange are not always available across 
different sectors where batch operations take place, and there could be concerns for product 
quality from direct integration of streams. To address these issues, the indirect heat exchange 
method based on the Time Slice Model was developed by Obeng and Ashton (1988). It is a 
graphical technique that provides a degree of decoupling with respect to the timing of the 
operations involved, dealing with cases where the time windows of scheduling and plant 
operations are misaligned. This allows the time dimension to be bypassed and therefore 
allows heat from different operations within the production plant or across production plants 
to be stored in Heat Transfer Fluid (HTF) tanks (Sadr-Kazemi and Polley, 1996). 
4.2.3.2. Pinch Analysis 
In the process industries, heat integration forms a core activity of process design, known as 
the ‘onion diagram’ shown in figure 4.5.  
 
Figure 4. 5: The process design hierarchy known as the ‘onion diagram’ (Smith, 2005). 
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The ‘onion diagram’ describes the sequential expansion of the hierarchy of process design 
starting from process technology to the design of heat recovery networks. Traditionally, the 
approach for heat recovery has been based on expert knowledge and intuition that does not 
always lead to energy efficient heat exchanger systems (Kemp, 2007). However, since the 
1980s, heat integration has developed into a systematic methodology known as pinch analysis 
for the design of heat exchanger networks with the aim of minimum energy (Klemes and 
Kravanja, 2013; Kemp, 2007). 
pinch analysis is a graphical technique for the recovery of heat. There are three simple steps 
that seem straightforward in principle but can be challenging and complex in reality:   
(1) Data extraction 
(2) Setting energy targets 
(3) Heat Exchanger Network (HEN) design 
The data extraction stage is regarded has the most challenging stage (Kemp, 2007). This stage 
involves the collection of data that represents the thermo-physical properties of streams such 
as temperature, mass flowrate and heat capacity. Some of the challenging factors includes: 
(1) lack of data, (2) variable stream data, and (3) complex process streams. Recent 
developments in data collection have relied on heuristics (i.e. rules of thumbs) to reduce the 
time and cost involved, including for example exclusions thresholds as adopted in this work 
(Miah et al, 2014). 
 
Based on the data available, a composite curve of the hot and cold streams is constructed 
based on the temperature cascade interval (Kemp, 2007). The composite curves provide 
valuable information/targets about maximum heat recovery, minimum external utility 
requirements and location of pinch for a given minimum allowable approach temperature 
(ΔTmin), shown in figure 4.6. 
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Figure 4. 6: Composite curve for typical hot and cold streams (ASE, 2015). 
In the composite curve, the pinch points represent the maximum amount of heat recovery 
that is thermodynamically feasible, subject to the constraint of maintaining the minimum 
temperature approach, ΔTmin. Therefore, the amount of heat recoverable can only be 
optimised by changing the minimum temperature difference, typically 3-5°C for low-
temperature processes (Linhoff March, 1998). However, the optimisation of ΔTmin has several 
economic trade-offs between energy recovery and cost of heat exchanger (Kemp, 2007). 
 
For the last stage, the Pinch points divide the temperature range into two regions where hot 
utility can only be above and cooling utility below it, thereby allowing the basis for designing 
a heat exchange network. In theory, there are only three rules that must be obeyed in order 
to achieve the minimum energy target for a process and therefore design the Heat Exchanger 
Network (HEN). These are (Kemp, 2007): 
(1) Heat must not be transferred across the Pinch. 
(2) There must be no external cooling above the Pinch. 
(3) There must be no external heating below the Pinch. 
Violating any of these rules will lead to cross-pinch heat transfer resulting in an inefficient 
heat network and increase the utility demands, therefore resulting in higher utility cost.  
4.2.3.3. Graphical versus Mathematical Techniques 
Since the advent of pinch analysis during the 1980s, this field has been split between heat 
recovery opportunities by the graphical technique or via superstructure mathematical 
programming. However, mathematical programming techniques for heat integration such as 
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Mixed-Integer-Linear Programming (MILP) (Vaklieva-Bancheva et al, 1996), Mixed-Integer-
Non-Linear-Programming (MINLP) (Chen and Ciou, 2009), Non-Linear-Programming (NLP) 
(Jian Du et al, 2011), are combinatorially complex requiring sophisticated model formulation 
and solution before analysis can proceed. As such, this can significantly limit the applicability 
of mathematical based approaches particularly in industry. However, these approaches do 
allow a range of objectives to be optimised; in contrast, pinch analysis via graphical method 
is simple and can only be optimised via ΔTmin and the selection of all streams that can be used 
for heat exchange. An analysis of the pros and cons of both approaches is shown in Table 4.1. 
Table 4. 1: Pros and Cons of mathematical based Pinch techniques and Pinch based graphical techniques 
(Klemes and Kravanja, 2013). 
Pinch technique Pros Cons 
Mathematical 
programming 
• Rigorous 
• Optimisation of several variables 
• Fast analysis 
• Combinatorial complex  
• Sophisticated modelling 
• Large data collection 
   
Pinch Analysis • Simple 
• Flexible 
• Systematic  
• Iterative approach 
• Optimisation by ΔTmin 
• Expert judgement and experience required 
for analysis 
• Large data collection 
4.2.3.4. Heat Integration strategies 
4.2.3.4.1. Targeted Areas and Interplant Heat Integration 
heat integration is often targeted for specific areas of a manufacturing plant which offer scope 
for high heat recovery (Klemes and Kravanja, 2013; Kemp, 2007). However, there are several 
limitations with a targeted approach such as the method of heat exchange, identification of 
production areas, mode of production operation and heat integration between targeted 
areas known as interplant or interprocess heat integration (Klemes and Kravanja, 2013; Sahu 
and Bandyopadhyay, 2011; Kemp, 2007).  
Since the 1990s, the role of direct or indirect heat exchange has been considered for both 
targeted areas and between production plants in various scopes (Stamp and Majozi, 2017; 
Song et al, 2017a; Song et al, 2016; Wang et al, 2015). The extension of the scope of heat 
integration to cover multiple parts of factory shares a similar philosophy to Total Site Analysis 
(TSA) (Dhole and Linnhoff, 1992; Hui and Ahmad, 1994). However, the key difference is the 
focus on process heat rather than utility systems. Overall, some of the key benefits of this 
approach is that it increases the scope to recover heat, in particular where heat exchange 
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may not be practical. Such a scenario can be found where heat exchange can take place 
between production plants, over a long distance, stream material may be non-compatible, 
product quality may be compromised, and operating hours of streams may be irregular 
(Atkins et al, 2011; Rodera and Bagajewicz, 2001). 
One of the earliest examples of considering direct or indirect heat integration is by 
Papageorgiou et al (1994). In this work, they developed a systematic mathematical framework 
for scheduling the operation of multipurpose batch/ semi-continuous plants involving both 
direct and indirect heat integration. However, the focus of their research was for a single 
targeted plant based on a hypothetical production scheme simply involving a reactor and 
batch still considering direct or indirect heat exchange. 
In contrast, Rodera and Bagajewicz (2001) considered direct or indirect heat integration 
between two plants by mathematical optimisation. For their case-study site, the two plants 
are more complex than Papageorgiou et al (1994) and demonstrate the complexity of 
modelling and data required.  However, there was no rationale for the identification of the 
two operating plants, and the methods of heat exchange were considered independently. 
In more recent times, the combination of direct and indirect heat exchange has emerged as 
a new strategy to recover more heat than standalone direct or indirect heat exchange. For 
example, Majozi (2009) developed a mathematical approach that was applied for the 
optimization of heat recovery for multipurpose batch plants. In this work, they found direct 
heat integration only resulted in 25% improvement in terms of external cold utility 
requirements. In comparison, indirect use of heat storage showed more than 75% 
improvement. Furthermore, for this particular case study, it was found a combination of both 
direct and indirect heat integration resulted in 90% reduction in external hot duty. However, 
the case study was based on a single plant.  
 
In contrast, a key development in this new strategy of heat integration was proposed by 
Laukkanen et al (2012) who considered direct and indirect heat exchange inside and between 
processes by a mathematical approach. However, the demonstration of the methodology was 
for a simple case study only involving two processes. Furthermore, there was no development 
on how data can be extracted for heat integration across multiples plants and the 
compromise in heat exchange over long distances. 
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Similarly, Wang et al (2015) developed a systematic framework for combining direct and 
indirect integration. In this work, the graphical technique is applied first to separate regions 
of the composite curve where direct, indirect and combined direct and indirect heat exchange 
can take place, followed by mathematical optimisation. For the combined heat exchange 
method, this involved applying direct heat exchange first and then indirect heat exchange for 
the rest of the process stream. However, the methodology to select streams for direct heat 
exchange does not take into account product quality compromise. 
Recently, Song et al (2017) developed a hybrid methodology that combined both pinch 
analysis and mathematical programming to consider heat integration between a large 
number of plants e.g. 7 plants. However, the heat exchange method was direct heat exchange 
within the plants and indirect heat exchange between plants via intermediary circulation 
loops. There was no consideration of a combination of both heat exchange methods within 
and between plants. In addition, the distance between plants was assumed fixed, continuous 
mode of operation and did not account for stream availability between different plants. 
Overall, there have been several attempts to combine direct and indirect heat exchange 
inside and between processes to maximise heat recovery. However, current methodologies 
suffer several limitations such as: (1) methodological development from the perspective of 
the chemical and petrochemical sectors, (2) only a few production plants considered, (3) lack 
of empirical evidence, (4) no consideration of product quality compromise, and (5) no 
heuristics for data extraction across multiple plants. 
4.2.3.5. Heat Integration in the Food Industry 
Currently, the food processing industry has not been forthcoming to explore heat recovery at 
both a targeted area and factory level primarily due to several factors (Law et al, 2013; Ammar 
et al, 2012; Klemes et al, 2011; Klemes et al, 2008): 
(1) Low financial returns that can be gained from capturing low grade heat (typically 50-
140°C); 
(2) Diverse thermodynamic profiles from different food categories; 
(3) Material quality compromise due to the involvement of thermally sensitive or 
hazardous streams, and integration of intrusive technologies; 
(4) Non-continuous (i.e. batch or semi-continuous) operation; 
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(5) High levels of fouling and complex rheologies of many process streams; 
(6) Narrow process conditions range, for example tight temperature control due to 
material quality compromise; 
(7) Small number of streams available for heat integration; 
(8) Integration complexity that can result from diverse production lines and elaborate 
heat exchanger networks; 
(9) Seasonal operation resulting from different business models for different product 
types; 
(10) Lack of data and understanding, including inadequate knowledge of energy 
profiles of different production lines; and 
(11) Lack of resource (e.g. time, people, finance) to conduct a factory-wide heat 
integration assessment. 
Despite this, the application of heat integration has been applied but with limited reach given 
the diversity of the food sector. A comparison of heat integration studies for various food 
products is shown in Table 4.2. 
Overall, it can be seen that the potential energy reductions achievable range from 3.7 – 93%. 
However, the benefits are achieved at different scales of application and certain products are 
more favourable for high heat reductions. For example, at a technology level, Atkins et al 
(2012) found a 93% energy reduction could theoretically be possible from the recovery of 
heat from milk in a multi-stage sprayer dryer system. In comparison, Sturm et al (2015) found 
a 14% energy reduction could be achieved from heat recovery across a soy sauce production 
line.  
Furthermore, there are only a few examples where direct and indirect heat integration are 
employed (Sturm et al, 2015; Quijera et al, 2014; Becker et al, 2012). For example, both Sturm 
et al (2015) and Quijera et al (2014) applied pinch analysis followed by the integration of solar 
thermal collectors to generate hot water for indirect applications. In comparison, Becker et al 
(2012) recovered heat via hot storage tanks. Overall, there are no examples in the food 
industry where heat integration is considered across different production plants by a 
combination of direct and indirect heat exchange. Such analysis would contribute to 
improving understanding of how heat integration can be effectively maximised. 
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Table 4. 2: Comparison of heat integration studies in the food industry. 
No# Food product Heat exchange method Scale of application Heat recovery technique Energy 
consumption 
reduction 
Reference 
Process-to-
process 
Graphical 
technique 
Mathematical 
programming 
1 Milk powder Indirect Milk powder factory No Yes No Utility systems 
change 
Walmsley et al (2016) 
2 Tomatoes Direct Tomato paste facility Yes No No 3.7% Amon et al (2015) 
3 Soy sauce Direct and indirect Medium-sized soy sauce plant Yes No NO 14% Sturm et al (2015) 
4 Fish (canned) Direct and indirect Canned fish factory No Yes No 24% Quijera et al (2014) 
5 Milk powder Direct Spray dryer Yes Yes No 93% Atkins et al (2012) 
6 Cheese Direct and indirect Cheese factory No No Yes 22% Becker et al (2012) 
7 Meat Direct  Meat processing plant Yes No NO 5 – 35% CO2 Fritzson and Berntsson 
(2006) 
8 Sugar Direct Evaporator technology No Yes No 30% Grabowdski et al (2001) 
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4.2.4. Summary of Gaps in Knowledge  
The literature review on heat integration has highlighted several gaps in knowledge in relation 
to both the methodological development of heat integration approaches and application in 
the food industry, especially for the confectionery industry. In summary, the major gaps in 
knowledge are: 
(1) No systematic methodology to recover heat by a combination of direct and indirect 
heat recovery both at a targeted area but also across multiple production plants. Such 
a methodology is important because searching for heat integration opportunities at 
multiple levels combining direct and indirect heat integration offers scope for 
maximum heat recovery. 
(2) No pinch analysis of confectionery factories. This is a significant gap, because there 
are 12,700 confectionery manufacturers across Europe; understanding the potential 
of pinch analysis for this type of factories could improve the knowledge on energy 
savings for this sector. 
4.3. Methodology 
4.3.1. Overview of the Proposed Framework  
The development of the new methodological framework presented here is based on pinch 
analysis from the techniques developed by Linnhoff March (1998), Sadr-Kazemi and Polley 
(1996), and upon the experiences drawn from different factories. The technique developed 
by Linnhoff March (1998) lays out the general principles of the Pinch methodology and is 
concerned principally with continuous processes for direct heat exchange. In contrast, the 
technique developed by Sadr-Kazemi and Polley (1996) is concerned with pinch analysis for 
batch processes with the utilisation of indirect heat exchange to compensate for different 
operation time windows for heat exchange. In this current work, these two techniques are 
combined and adapted with additional decision events and steps identified to develop a single 
practical framework that can evaluate the factory for heat integration opportunities in 
continuous or discontinuous mode of operation. The novel features of the framework are as 
follows: 
(1) A four-stage multi-zonal heat integration framework combining both direct and 
indirect heat exchange. This is important because it provides a step-by-step structured 
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approach to navigating the optimum search for heat recovery opportunities by both 
direct and indirect heat exchange. 
(2) Exclusion thresholds to filter low heat duty streams of poor economic quality. Thereby 
reducing the time spent on detailed analysis.  
(3) Preliminary analysis to determine potential energy reduction based on low-medium-
high stream grades without requiring detailed analysis.  
(4) Zone availability concept to match streams from different parts of the factory. This is 
important to determine if heat integration is feasible or not between streams in different 
zones and therefore provides an indication of heat recovery. 
The framework is concerned with existing streams (both process and utilities); technologies 
that make changes to the conditions of existing streams (e.g. HPs) can be considered along 
with this framework, which are however not included in the analyses presented in this work 
as this is outside the scope of this work.  
The methodological framework, shown in Figure 4.7, addresses the practical limitations of the 
application of pinch analysis as mentioned in Section 4.2 of the literature review chapter and 
contains four stages which begin at a zonal-level and proceeds to factory-level through inter-
zonal heat integration. This is to ensure suitable integration opportunities are identified at 
each level.  These stages will be explained in the following subsections. 
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Figure 4. 7: Proposed heat integration framework. 
4.3.2. Stage 1: Process Zoning and Data Extraction 
This stage involves narrowing the scope of heat integration to zones. The zones are 
distinguished by utilising a factory map and splitting the whole factory into zones that can be 
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represented by production halls, common processing areas and utility areas. An alternative 
approach to target zones can be based on economics but requires utility meters, which are 
not always available at the zonal-level. In a multi-product setting, a zone typically carries out 
a separate stage or the whole manufacturing process of a brand product. It can also be a 
common area (e.g. utility) shared by the manufacture of different products. The zones can be 
used to develop process block diagrams that describe the main processing units/step and key 
processing information also highlighting the different transfer mechanism e.g. pump, 
conveyor, or compressed air. This allows process streams to be extracted and subjected to a 
screening procedure to eliminate very low-potential streams that have low anticipated 
payback periods based on a combination of heat duty and run hours. The key benefit is the 
reduction of time spent before carrying out a detailed analysis. The exclusion threshold can 
be established by referring to the cost of thermal energy avoided based on the unit cost of 
steam, heat duty and run hours. This is illustrated in Table 4.3 with a case that has a steam 
cost of £22.54 per tonne and sets the threshold of energy cost avoided at £1000 per year. This 
threshold was selected based on the typical cost of new heat exchangers in the food industry 
in the UK which can be in the magnitude of several thousand pounds depending on the 
application (e.g. greater than £2000). The costs only includes the purchase cost of heat 
exchangers and not the installation costs. However, in a real situation, the full installed capital 
cost may need to be used, depending on the capital expenditure approval approaches 
adopted by the company. Even so, it provides a basic payback period of several years that 
may be acceptable (e.g. 2- 5 years). In addition, the cost of steam was selected based on the 
case study value but this can vary between £15-£25 per tonne. The exclusion thresholds 
developed are shown in Table 4.4. This is a novel and effective way to extract data from the 
streams list and can form part of an iterative process where different thresholds can be 
considered as the analysis progresses.  
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Table 4. 3: Variation of Total Potential Cost Avoided at different run hours and fixed ∆H. 
 
 
Table 4. 4: Exclusion thresholds for stream extraction. 
Exclusion threshold 
Stream heat 
duty  
(kWh) 
Operating run hours per 
year (hrs) 
1 26  – ≥ 51 < 500 
2 18 – 25 < 1000 
3 13 – 17 < 1500 
4 11 – 12 < 2000 
5 9 – 10 < 2500 
6 8 < 3000 
7 7 < 3500 
8 6 < 4000 
9 5 < 4500 
10 4 < 6000 
A streams list is then formed that shows key stream data such as; mass flow rate, supply and 
return temperature, stream grade, specific heat capacity, heat duty, and run hours. For the 
streams which contain phase changes, they are separated into three ‘virtual’ segments 
representing the different phases (e.g. 1.1 for super-heated vapour to saturated vapour, 1.2. 
saturated vapour to saturated liquid and 1.3 for saturated liquid to sub-cooled liquid) (Kemp, 
2007). The streams grade for food factories are determined based on their target 
temperatures as follows for both hot and cold streams; low grade = <60°C, medium grade = 
60°C - 150°C, high grade = >150°C.  
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4.3.3. Stage 2: Preliminary Analysis 
This stage involves a preliminary analysis before any zonal analysis is progressed. A factory 
pre-check is carried out on the potential streams list to determine the potential energy 
reduction at a factory level. As diverse food factories have a mixture of continuous and 
discontinuous operations, it is not very useful to generate a conventional composite curve to 
determine the potential factory energy reduction as it does not allow stream availability to 
be taken into account. Therefore, the approach taken is to first determine the energy of the 
graded streams in a zone for the year based on their heat duties and run hours. All the streams 
from the different zones are then aggregated according to their grades to form graded stream 
“batches” (i.e. subsets of streams). It will then be possible to roughly determine how much 
energy saving can be achieved by integrating high- (medium-) grade hot streams with 
medium- (low-) grade cold streams. This provides an estimate of the potential factory energy 
reduction, e.g. in terms of a percentage of total energy consumption of the current factory. 
This is a fast and practical way to estimate the potential of heat integration before any 
detailed analysis. Note that this step is meant to gauge the potential gain of conducting a 
detailed pinch analysis, not to replace it. In particular, the temperature gap between high- 
(medium-) grade hot streams and medium- (low-) grade cold streams is not linked in any way 
to the ∆Tmin to be adopted in the detailed heat integration analysis which, when a significant 
potential is estimated, should take place at a later stage. Nevertheless, when rather large 
temperature ranges are adopted in defining the stream grades, it may lead to significant 
underestimation of the heat recovery potential. This risk could be reduced by introducing 
more stream grades each spanning a narrower temperature range, though at the cost of 
additional complexity in data handling. Besides, in principle there are other approaches that 
can be used, e.g. those based on the Time Average Model (TAM) (Wang and Smith, 1995) and 
Time Slice Model (TSM) (Obeng and Ashton, 1988), which are more reliable and accurate but 
are more time consuming as they require software and data entry of detailed stream 
parameters.  
If the potential factory energy reduction is estimated to be greater than a reasonable 
threshold, e.g. 5-10% of the factory energy consumption, then the holistic heat integration 
assessment can continue to evaluate the actual heat recoverable based on pinch analysis. 
However, if this value is less than the threshold, no further heat integration assessment is 
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recommended but the factory may wish to pursue simple stream matches to develop simple 
heat recovery projects. 
4.3.4. Stage 3: Intra-zonal Integration  
If heat integration assessment is to be further pursued, the selected streams present in the 
same zone which share a similar temporal on/off run pattern (i.e. operation window) and 
possess spatial proximity with each other, will be considered first. Based on the stream data, 
every zone is analysed separately where the Pinch rules are applied. By creating composite 
curves and grid diagrams, this will show how much heat is recoverable and what streams can 
be matched. This process may identify several matches which further analysed to consider 
the possibility of material quality compromise and subsequently whether direct or indirect 
heat integration should be the preferred option. For the proposed streams and matches, 
discussions should be had with process and quality specialists on-site to appreciate the 
potential for compromising material quality by coupling streams for heat integration. From 
this assessment, direct or indirect heat integration can be decided. For the direct heat 
integration route this involves designing the heat exchanger system and an economic 
evaluation of the capital equipment’s. The project detailing can include further details about 
installation and maintenance costs. Integration following the other route, indirect heat 
integration, involves the exchange of heat through a Heat Transfer Fluid (HTF) e.g. water and 
requires two heat exchangers and a HTF tank. This method is usually chosen following 
considerations of quality compromise (and any unfavourable geographic proximity and 
dissimilar operation windows within the zone considered) and involves setting the 
intermediate hot and cold tank temperature based on the upper and lower temperatures 
found on the composite curves. Thereafter, the heat exchanger system, number of tanks, and 
fluid inventory can be calculated as shown in Appendix A (Sadr-Kazemi and Polley, 1996, 
CIBSE, 2013). The heat transfer fluid that is commonly used in the food industry is water as 
this helps to minimise any risk arising from contamination of product. The project detailing is 
the same as in direct heat integration. Any un-matched streams in stage 3 are carried over to 
stage 4. 
4.3.5. Stage 4: Inter-zonal Integration  
This final stage involves identifying heat integration opportunities among all remaining 
streams not coupled in the original filtered list from different zones by direct or indirect heat 
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integration. This involves first determining if heat integration is feasible or not, and then 
whether direct or indirect heat integration should be pursued based on product quality and 
geographic proximity. As this list of streams may operate in different operation windows in 
different zones, the zone availability for each zone, i.e. availability of streams belonging to the 
same zone, should be determined by evaluating its active production times for multiple years. 
The zone availability criteria is used to determine if heat integration is feasible or not between 
streams in different zones and therefore provides an indication of heat recovery.  
As an example, the availability can be expressed by considering the number of production 
weeks in a year. This will generate a frequency out of 52 weeks which can be translated into 
a percentage of availability. The candidate streams for inter-zone integration can then be 
ranked according to zone availability. The threshold value to consider streams for heat 
integration is to have a zone availability greater than 75% as this ensures a minimum chance 
of both zones being available for 50% of the time, shown in Figure 4.8. 
 
Figure 4. 8: The minimum chance of two zones being available if greater than 75%. 
Therefore, if there are streams in two different zones with high availability (i.e. >75%) then 
this resembles a pseudo-continuous operation where direct heat exchange can be proposed 
between the two zones. Alternatively, if the match compromises product quality then an 
indirect heat exchange can be proposed. However, as the aim of the framework is to maximise 
heat recovery the streams with a zone availability <75% may wish to be considered as part of 
a inter-zonal indirect heat integration scheme where the heat can be recovered indirectly. In 
addition to zone availability, another criterion is needed to ensure the matched streams, 
especially direct heat exchange matches are not too far apart as to be uneconomical with 
respect to piping and pumping costs. Therefore, the geographic proximity is evaluated of 
potential streams from different zones. For each pair of possible matching, this can be done 
by visually mapping out the distance on a satellite image from the heat sink to the heat source. 
If there are any streams that are competing for the same heat source once the zone 
availability and geographic proximity have been determined, the following criteria should be 
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used to select the best option depending on the business needs; capital cost, energy saving 
cost, payback period, number of streams to be integrated, and level of complexity of 
integration. 
4.4. Results 
4.4.1. Overview of Case Study 
The case study site is a confectionery factory in the UK that manufactures 13 different brand 
products that are sugar, chocolate and biscuit based by utilising a diverse range of processing 
technologies. The factory is over 50 years old and occupies a large footprint in an urban area 
with multiple dedicated production plants all housed in one building, see Figure 4.9. The 
factory is physically constrained by housing, transport infrastructure and other factories. In 
addition to the range of production zones there are a number of utility zones that support 
these production zones. 
 
Figure 4. 9: Factory layout illustrating production plant zones and utility zones. 
The factory operates in a number of shifts where the primary activity can vary from running 
production (ramp-up and continuous) to cleaning and maintenance. This is different for 
different zones and contributes to the discontinuous nature at a factory level.  
4.4.2. Results of Process Zoning and Data Extraction (Stage 1) 
The factory layout has been divided into production and utility zones shown in Figure 4.9. 
From the process block diagrams (not included due to confidentiality) a total of 88 streams 
were extracted. The streams which include latent heat are food vapour exhausts. In practice, 
the vapour exhausts will contain some food materials such as caramel and sugar syrup but 
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these will be in very small quantities. As such it is assumed that the food vapour exhaust does 
not contain any air and is water vapour only. On this basis, the streams which include latent 
heat can be split into three ‘virtual’ segments representing the different phases (e.g. 1.1 for 
super-heated vapour to saturated vapour, 1.2. saturated vapour to saturated liquid and 1.3 
for saturated liquid to sub-cooled liquid) (Kemp, 2007). In practice, the division of streams 
introduces additional complexity as all streams need to be tracked together due to the 
relationship of stream segments and original process stream. 
Thereafter, the extracted data was subjected to the exclusion thresholds to filter the streams 
based on a combination of run hours and heat available. A new list was formed which 
consisted of 48 streams, shown in Table 4.5.  
Table 4. 5: List of filtered streams for analysis. 
Stream 
number 
Stream 
type 
Supply 
temperature 
(°C) 
Target 
temperature 
(°C) 
Stream 
grade 
Mass 
flowrate  
(kgs-1) 
Heat capacity 
(kJkg-1°C-1) 
Heat capacity 
flowrate, CP 
(kJs-1°C) 
ΔH (kWh) 
Operating run 
hours range 
(hrs) 
Zone 1a + 1b 
1 Hot 117.0 67.0 Medium 0.1074 2.000 0.2148 10.74 2,0196 
2.1 Hot 117.0 100 Medium 0.0117 4.230 0.0495 0.841 2,0196 
2.2 Hot 100 100 Medium 0.0117 - - 26.441 2,0196 
2.3 Hot 100 25.0 Medium 0.0117 4.181 0.0489 3.67 2,0196 
3 Cold 50.0 117.0 Medium 0.1190 2.000 0.2400 15.95 2,0196 
Zone 2 
4.1 Hot 127.0 100 Medium 0.0097 4.230 0.0410 1.11 1,282 – 5,6827 
4.2 Hot 100 100 Medium 0.0097 - - 21.921 1,282 – 5,6827 
4.3 Hot 100 25.0 Medium 0.0097 4.181 0.0406 3.05 1,282 – 5,6827 
5 Cold 70.0 127.0 Medium 0.0657 2.000 0.1300 7.49 1,282 – 5,6827 
Zone 3aa 
6 Cold 15.0 70.0 Medium 0.0594 4.181 0.2484 13.66 3,453 – 4,0527 
7 Cold 15.0 70.0 Medium 0.0727 4.181 0.3040 16.72 3,453 – 4,0527 
8 Cold 46.0 70.0 Medium 0.2080 2.000 0.4160 9.980 3,453 – 4,0527 
9 Cold 70.0 120.0 Medium 0.5820 2.000 1.1640 58.20 3,453 – 4,0527 
10 Hot 120.0 70.0 Medium 0.6080 2.000 1.2160 60.80 3,453 – 4,0527 
11.1 Hot 120.0 100 Medium 0.0289 4.230 0.1222 2.44 3,453 – 4,0527 
11.2 Hot 100 100 Medium 0.0289 - - 65.311 3,453 – 4,0527 
11.3 Hot 100 25.0 Medium 0.0289 4.181 0.1210 9.08 3,453 – 4,0527 
Zone 3ab 
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12 Hot 120.0 90.0 Medium 0.479 2.000 0.9580 28.74 2,428 – 3,6097 
13.1 Hot 120.0 100 Medium 0.0161 4.230 0.0681 1.36 2,428 – 3,6097 
13.2 Hot 100 100 Medium 0.0161 - - 36.391 2,428 – 3,6097 
13.3 Hot 100 25.0 Medium 0.0161 4.181 0.0673 5.05 2,428 – 3,6097 
14 Cold 15.0 70.0 Medium 0.0594 4.181 0.2484 13.66 2,428 – 3,6097 
15 Cold 46.0 70.0 Medium 0.1500 2.000 0.3000 7.20 2,428 – 3,6097 
16 Cold 15.0 70.0 Medium 0.0649 4.181 0.2713 14.92 2,428 – 3,6097 
Zone 3b 
17 Hot 21.0 18.0 Low 93.000 1.000 93.0000 279.002 8,5928 
18 Cold 44.0 47.0 Low 68.260 1.000 68.2600 550.003,5 8,5928 
19 Cold 44.0 47.0 Low 173.73 1.000 173.7300 1400.004,5 8,5928 
Zone 5a + 5b 
20 Hot 45.0 35.6 Low 0.3316 1.670 0.5538 5.21 2,613 – 6,5547 
21.1 Hot 120.0 100 Medium 0.0628 4.230 0.2656 5.31 2,613 – 6,5547 
21.2 Hot 100 100 Medium 0.0628 - - 141.931 2,613 – 6,5547 
21.3 Hot 100 25.0 Medium 0.0628 4.181 0.2630 19.73 2,613 – 6,5547 
22 Cold 20.0 50.0 Low 0.0821 2.000 0.1642 4.93 2,613 – 6,5547 
23 Cold 50.0 80.0 Medium 0.3670 2.000 0.7340 22.02 2,613 – 6,5547 
24 Cold 80.0 120.0 Medium 0.3670 2.000 0.7340 29.36 2,613 – 6,5547 
25 Cold 30.0 50.0 Low 0.5990 2.000 1.1980 23.96 2,613 – 6,5547 
Zone 6a 
26 Hot 45.0 20.0 Low 0.1405 2.000 0.2810 7.03 2,652 – 3,6837 
27 Hot 184.1 120.0 High 1.7100 1.000 1.7100 110.00 2,652 – 3,6837 
28 Hot 184.1 120.0 High 1.6930 1.000 1.6930 109.00 2,652 – 3,6837 
29.1 Hot 122.0 100 Medium 0.0386 4.230 0.1632 3.59 169 – 4439 
29.2 Hot 100 100 Medium 0.0386 - - 87.241 169 – 4439 
29.3 Hot 100 25.0 Medium 0.0386 4.181 0.1614 12.11 169 – 4439 
Zone 6b 
30 Hot 45.0 28.0 Low 0.2182 1.670 0.3644 6.19 2,821 – 4,1267 
Zone 8b 
31 Hot 230.0 120.0 High 1.7000 1.000 1.7000 187.00 1,552 – 2,8807 
Zone 7 
32 Hot 103.0 50.0 Medium 0.2500 2.000 0.5000 26.50 125 – 7417 
33.1 Hot 130.0 100 Medium 0.0267 4.230 0.1130 3.39 125 – 7417 
33.2 Hot 100 100 Medium 0.0257 - - 60.341 125 – 7417 
33.3 Hot 100 25.0 Medium 0.0267 4.181 0.1120 8.4 125 – 7417 
Zone 18 
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34 Hot 90.0 80.0 Medium 1.6700 4.181 6.9800 70.00 8,5927 
1 Includes all latent heat, 2 Comprised of 15 identical processing units, 3 Comprised of 11 identical processing units, 4 Comprised of 28 identical processing units, 5 Metered data 
6 Year period of 2012, 7 Year period of 2006 – 2012, 8 1 Year period with 7 days shut-down, 9 Year period of 2011 – 2012. 
 
 
4.4.3. Results of Preliminary Analysis (Stage 2) 
The streams list in Table 4.5 was then graded for both the hot and cold streams shown in 
Table 4.6. It can be seen in Table 4.6 that the heat sink is higher than the heat source available. 
In this case, all the hot high and medium grade streams can potentially be matched with the 
medium and some of the low grade cold streams. As such, the minimum energy reduction 
arises from the “hot medium to cold low” (3.68%) and that from “hot high to cold medium 
and low” (1.75%). Taking the sum of this potential match provides a potential factory energy 
reduction between 5.43% – 8.44%.  This is considered sufficiently high, and a full heat 
assessment is then progressed. 
Table 4. 6: Factory level data of hot and low-grade streams and potential factory level energy reductions. 
 
4.4.4. Results of Intra-zonal Integration (Stage 3) 
The results for production Zone 1a + 1b, comprising 3 hot and 1 cold streams (cf. Table 4.5) 
and Zone 3ab, comprising 3 hot and 3 cold streams, are shown here to illustrate the process 
of applying the framework, in particular for direct and indirect heat exchange.  
4.4.4.1. Direct Heat Integration  
For Zone 1a + 1b, the analysis begins by generating composite curves for different ‘minimum 
temperature difference’ (ΔTmin) by using a tool (Umbach, 2010) based on the Problem Table 
Algorithm (PTA) developed by Linnhoff and Flower (1978). The composite curves shown in 
Figures 4.10 – 4.13 show the amount of heat recovery available decreases as the minimum 
temperature difference increases.  
Streams grade 
Hot streams Cold streams 
Min factory energy 
reduction (%) 
Max factory energy 
reduction (%) 
Number of 
hot streams 
Total heat 
duty (kWh)  
Number of cold 
streams 
Total heat 
duty (kWh)  
- Low grade streams 4 297.43 4 1978.89 - - 
- Medium grade streams 26 715.49 11 209.16 3.68 5.74 
- High grade streams 3 406.00 0 0 1.75 2.70 
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Figure 4. 10: Composite curve for zone 1a + 1b based on a ΔTmin = 5°C. 
 
Figure 4. 11: Composite curve for zone 1a + 1b based on a ΔTmin = 10°C. 
 
Figure 4. 12: Composite curve for zone 1a + 1b based on a ΔTmin = 15°C. 
 
Figure 4. 13: Composite curve for zone 1a + 1b based on a ΔTmin = 20°C. 
Further analysis shown in Table 4.7, shows there are considerable changes in the amount of 
heat recovery available by changing the minimum temperature difference. For example, the 
energy savings for the hot utility based on a ΔTmin = 5°C is 92.54% compared with 70.16% if a 
ΔTmin = 20°C was selected. It is well established that the selection of ΔTmin needs to consider 
the trade-off between capital investment and operating costs (Kemp, 2007). The following 
analysis has taken ΔTmin = 5°C, which offers the maximum heat recovery and hence the 
greatest reduction in energy cost. In principle, its value can be reviewed following the 
economic analysis that takes into account the capital cost of heat exchangers to be introduced 
to implement the identified heat recovery scheme.  
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Table 4. 7: Change in heat recovery by altering ΔTmin. 
 ΔTmin Utility Type 
Original 
Energy (kWh) 
Pinch Temperature 
(°C) 
Minimum Energy 
Target (kWh) 
Energy 
savings (kWh) 
Energy 
savings (%) 
5 
Hot Utility 15.95 
117 
1.19 14.76 92.54% 
Cold Utility* 41.69 26.93 14.76 35.40% 
 10 
Hot Utility 15.95 
117 
2.38 13.57 85.08% 
Cold Utility* 41.69 28.12 13.57 32.55% 
15 
Hot Utility 15.95 
117 
3.57 12.38 77.62% 
Cold Utility* 41.69 29.31 12.38 29.69% 
20 
Hot Utility 15.95 
117 
4.76 11.19 70.16% 
Cold Utility* 41.69 30.50 11.19 26.84% 
* For this case study, no external cooling medium is used to cool streams. This is because the streams are vapour released to the atmosphere 
and cooled in open tanks. As such, the values provided represent the recovery of waste heat. 
Based on the selection of a ΔTmin = 5°C, the achievable heat recovery is 14.76 kWh for this zone. 
The minimum hot and cold utilities required were found to be 1.19kWh and 26.93kWh, 
respectively. This represented a cold utility saving of 35.40% and a hot utility saving of 92.54% 
in this zone. After the utility targets are identified, the grid diagram (Figure 4.14) is established 
to allow the user to visually match streams by following the pinch design rules and to 
understand the implications of matching individual streams (Linnhoff et al, 1982, Linnhoff 
March, 1998). 
 
Figure 4. 14: Grid diagram with Pinch point and available heat recovery for Zone 1a + 1b. 
For this zone, the application of Pinch rules can create several matches between stream 1, 
2.2 or 2.3 with stream 3 by direct or indirect heat integration. As such, all three streams are 
progressed further into stage 3 for intra-zonal heat integration analysis. If there were any 
streams not matched they would be added to the list of streams for inter-zonal analysis in 
stage 4. 
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The streams that can be matched within a zone are further analysed based on their possibility 
to compromise material quality. In the example of zone 1a+1b, stream 1 is a cooked material, 
stream 2 is a food vapour exhaust and stream 3 a premix material for cooking.  For this zone, 
it was found through discussions with process and quality specialists on-site that the match 
that should be pursued was for a direct heat integration by coupling stream 2.2 with stream 
3 to maximise heat recovery. The reason a match between stream 1 and 3 was discounted 
was the possibility to compromise the material quality of the cooked material of stream 1. In 
this case, an indirect heat integration can be proposed but would lower the heat recoverable 
compared to a direct match due to the transfer of heat to a Heat Transfer Fluid (HTF). 
Therefore, for this match, a total of 10.71 kWh is recoverable with a surplus heat of 16.57 
kWh potentially available for other applications. In this case, the 16.57 kWh is incorporated 
into stream 2.3 which is the sensible heat stream segment.  The heat recovery system, size of 
the heat exchanger and economic evaluation are presented in Figure 4.15 and Table 4.8. In 
this case study, the purchase cost of heat exchangers has been used, as in Linhoff et al (1982), 
for calculating the payback period. The costs for pipework have not been included for direct 
heat exchange systems as it is assumed the length of pipework required is a relatively small 
percentage of total capital costs compared to indirect heat exchange systems. However, in a 
real situation, the full installed capital cost including pipework costs may need to be used to 
calculate the total capital cost, depending on the capital expenditure approval approaches 
adopted by the company. Alternatively, a Lang factor can be applied but they are not ypically 
considered for heat exchangers in heat integration studies (Eiholzer et al, 2017, Chang et al, 
2017, Liew et al, 2016). As such, it is important to explicity state the cost elements in the total 
capital costs to ensure the decion-maker has full transparency and knowledge of the 
limitations in such an approach when interpreting the cost estimations. 
In Table 4.18, the minimum (Min) and maximum (Max) values are provided based on the 
minimum and maximum run hours experienced by the factory. As such, the Min and Max 
values are utilised to calculate the short and long payback period as shown by Eq. 1 and 2. 
𝑆ℎ𝑜𝑟𝑡 𝑝𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =  
𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡
𝑀𝐴𝑋 𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡 𝑎𝑣𝑜𝑖𝑑𝑒𝑑
    (𝐸𝑞 − 1) 
𝐿𝑜𝑛𝑔 𝑝𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =  
𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡
𝑀𝐼𝑁 𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡 𝑎𝑣𝑜𝑖𝑑𝑒𝑑
    (𝐸𝑞 − 2) 
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For this zone, only a Min value is provided as there was no production data for more than a 
year, hence the term n/a in Table 4.8. This allows the user to anticipate future changes that 
may impact energy recovery and payback period. As mentioned earlier, the calculated 
payback period may motivate the exploration of ΔTmin values different from the one originally 
adopted until an optimal trade-off between capital investment and operating cost savings is 
struck. This aspect however is rather standard for heat integration analysis and therefore not 
demonstrated in this case study. 
 
Figure 4. 15: Proposed heat exchange scheme for Zone 1a + 1b. 
 
Table 4. 8: Economic evaluation for the direct match between stream 2.2 and 3 in Zone 1a + 1b. 
Economic item Cost (£) 
HE capital cost £1,217 
Total capital cost  £1,217 
MIN annual energy cost avoided  £833 
MAX annual energy cost avoided  n/a 
Long  payback period (years) 1.46 
Short payback period (years) n/a 
Overall, for this zone, only two streams were matched leaving ‘stream 1’ to be added to the 
list of streams for inter-zonal analysis in stage 4.  
 
4.4.4.2. Indirect Heat Integration  
For Zone 3ab, the same analytical procedure is initially carried out to generate composite 
curves and specific heat recovery values for different ‘minimum temperature difference’ 
(∆Tmin) as shown in Figure 4.18 and Table 4.9 (x-axis is in kWh and y-axis is in °C). However, 
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for this particular Zone the adjustment of the ∆Tmin does not result in any change to the 
amount of heat recovery as the temperature difference between the hot and cold streams 
are considerably large. However as mentioned earlier, ∆Tmin will impact the economic cost of 
heat exchangers (and, in this case, also pumping requirements), and it is well understood that 
there may be a scope to optimise ∆Tmin to obtain a best solution in terms of the total cost, 
although this aspect is not implemented in this case study as it does not add value to the 
demonstration of the core approach. 
 
Figure 4. 16: Composite curve for zone 3ab based on a ΔTmin = 5°C / 10°C / 15°C / 20°C. 
Table 4. 9: Change in heat recovery by altering ΔTmin. 
ΔTmin Utility Type 
Original 
Energy (kWh) 
Pinch Temperature 
(°C) 
Minimum Energy 
Target (kWh) 
Energy 
savings (kWh) 
Energy 
savings (%) 
5 
Hot Utility 35.78 
120 
0 35.78 100.00% 
Cold Utility* 71.54 35.76 35.78 50.01% 
10 
Hot Utility 35.78 
120 
0 35.78 100.00% 
Cold Utility* 71.54 35.76 35.78 50.01% 
15 
Hot Utility 35.78 
120 
0 35.78 100.00% 
Cold Utility* 71.54 35.76 35.78 50.01% 
20 
Hot Utility 35.78 
120 
0 35.78 100.00% 
Cold Utility* 71.54 35.76 35.78 50.01% 
* For this case study, no external cooling medium is used to cool streams. This is because the streams are vapour released to the atmosphere 
and cooled in open tanks. As such, the values provided represent the recovery of waste heat. 
For further analysis at the stream level, the grid diagrams are created shown in Figure 4.17 to 
allow the user to visually match streams by following the pinch design rules and to understand 
the implications of matching individual streams (Linnhoff et al, 1982, Linnhoff March, 1998). 
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Figure 4. 17: Grid diagram with Pinch point and available heat recovery for Zone 3ab. 
For this zone, the application of Pinch rules can create several matches between stream 12, 
13.2 or 13.3 with stream 14, 15 or 16 by direct or indirect heat integration. As such, all three 
streams are progressed further into stage 3 for intra-zonal heat integration analysis. If there 
were any streams not matched they would be added to the list of streams for inter-zonal 
analysis in stage 4. 
Based on further discussions with process and quality specialists on-site, it was found an 
indirect heat integration scheme should be pursued for any of the streams due to compromise 
in product quality. In order to maximise heat recovery, an intra-zonal indirect heat exchange 
scheme is explored. For this system, four scenarios are explored where the hot temperature 
of the HTF system is changed to illustrate how the changes upon the economic cost of heat 
exchangers and pumping requirements. The ∆Tmin of 5°C is adopted. The four scenarios are: 
(1) 80°C – 75°C, (2) 85°C – 80°C, (3) 90 – 85°C and (4) 95 – 90°C, shown in Table 4.10. 
In Table 4.10, the difference in costs for different aspects of the heat integration solution is 
relatively low. For example, the cost difference between the lowest and highest is £876.  For 
this particular case study, it was found that all the cold streams could be heated within the 
different temperatures of the HTF scenarios.  However, the difference in cost is primarily 
being driven by the temperature difference between hot and cold streams relative to the HTF 
temperature i.e. LMTD varies.
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Table 4. 10: Heat exchange and economic evaluation for four HTF temperature scenarios. 
Heat exchanger and economic item 
Scenario 
1 2 3 4 
Hot water temperature (°C) 80 – 75  85 – 80  90 – 85  95 – 90 
Heat sink temperature (°C) 15 – 70, 15 – 70, 46 – 70  15 – 70, 15 – 70, 46 – 70 15 – 70, 15 – 70, 46 – 70 15 – 70, 15 – 70, 46 – 70 
LMTD 27.9, 27.9, 17.8 34.1, 34.1, 23.2 39.9, 39.9, 28.5 45.5, 45.5, 33.6  
Heat recovery available (kWh) 35.78 35.78 35.78 35.78 
Number of heat exchangers 4 4 4 4 
Total heat exchanger costs (£) £5,401 £5,269 £4,638 £5,471 
HTF tank costs (£) £14,530 £14,530 £14,530 £14,530 
Total pump costs (£) £6,424 £6,446 £6,524 £6,567 
Total piping length (m) 52 52 52 52 
Total piping costs (£) £313 £313 £313 £313 
Total capital cost (£) £26,669 £26,558 £26,005 £26,881 
MIN annual energy cost from pumping (£) £146 £148 £153 £156 
MAX annual energy cost from pumping (£) £217 £220 £228 £232 
MIN annual energy cost Avoided (£) £3,199 £3,197 £3,192 £3,189 
MAX annual energy cost Avoided (£) £4,755 £4,752 £4,745 £4,740 
Short payback period (years) 5.61 5.59 5.48 5.67 
Long payback period (years) 8.34 8.31 8.15 8.43 
MIN factory energy reduction (%) 0.17% 0.17% 0.17% 0.17% 
MAX factory energy reduction (%)  0.26% 0.26% 0.26% 0.26% 
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Overall, as can been seen in Table 4.10, the scenario which offers the lowest cost and shortest 
payback period is scenario 3. The total economic cost is £26,005 with a payback range of 5.48 
– 8.15 years. The proposed heat exchange schematic is shown in Figure 4.18.  
 
Figure 4. 18: Proposed heat exchange scheme for Zone 3ab. 
Overall, for this zone, only four streams were matched leaving ‘stream 12’ to be added to the 
list of streams for inter-zonal analysis in stage 4.  
4.4.5. Results of Inter-zonal Integration (Stage 4)  
There are 21 streams left for inter-zonal integration, which are scattered across the factory 
and operate in different modes, shown in Table 4.11.  
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Table 4. 11: List of streams for inter-zonal analysis ranked according to stream availability. 
Zone 
Stream 
number 
Stream 
type 
Heat source 
(kWh) 
Cold source 
(kWh) 
Temperature range 
(°C) 
Operating hours 
(hrs) 
Zone availability 
(%) 
18 35 Hot 70.00 0 90.0 – 80.0 8,5921 100 
3b 17 Hot 279.00 0 21.0 – 18.0 8,5921 100 
3b 18, 19 Cold 0 1900.00 44.0 – 47.0 8,5921 100 
2 4.1 Hot 1.11 0 127.0 – 100 1,282 – 5,6822 96 
2 4.2 Hot 21.92 0 100 – 100  1,282 – 5,6822 96 
2 4.3 Hot 3.05 0 100 – 25  1,282 – 5,6822 96 
2 5 Cold 0 7.49 70 – 127  1,282 – 5,6822 96 
6a 26 Hot 7.03 0 45 – 20  2,652 – 3,6832 94 
6a 27 Hot 110.00 0 184.1 – 120.0 2,652 – 3,6832 94 
6a 28 Hot 109.00 0 184.0 – 120.0 2,652 – 3,6832 94 
6a 29.1 Hot 3.59 0 122 – 100  169 – 4433 94 
6a 29.2 Hot 87.24 0 100 – 100  169 – 4433 94 
6a 29.3 Hot 12.11 0 100 – 25  169 – 4433 94 
6b 30 Hot 6.19 0 45 – 28  2,821 – 4,1267 94 
3aa 10 Hot 60.80 0 117.0 – 67.0  2,0196 100 
3ab 12 Hot 28.74 0 120.0 – 90.0  2,428 – 3,6097 100 
5a + 5b 20 Hot 5.21 0 45.0 – 35.6  2,613 – 6,5547 98 
5a + 5b 24 Cold 0 29.36 80 – 120  2,613 – 6,5547 98 
8b 31 Hot 187.00 0 230.0 – 120.0 1,552 – 2,8802 88 
7 32 Hot 26.50 0 103.0 – 50.0 125 – 7412 31 
7 33.1 Hot 3.39 0 130.0 – 100 125 – 7412 31 
7 33.2 Hot 60.34 0 100 – 100  125 – 7412 31 
7 33.3 Hot 8.4 0 100.0 – 25 125 – 7412 31 
1 Year period with 7 days shut-down, 2 Year period of 2006 – 2012, 3 Year period of 2011 – 2012.  
Similar to the intra-zonal analysis, the same analytical procedure is initially carried out to 
generate composite curves and specific heat recovery values for different ‘minimum 
temperature difference’ (∆Tmin) as shown in Figure 4.19 – 4.22 and Table 4.12 (x-axis is in kWh 
and y-axis is in °C). 
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Figure 4. 19: Composite curve for all inter-zonal streams based on a ΔTmin = 
5°C. 
 
Figure 4. 20: Composite curve for all inter-zonal streams based on a ΔTmin = 
10°C. 
 
Figure 4. 21: Composite curve for all inter-zonal streams based on a ΔTmin = 
15°C. 
 
Figure 4. 22: Composite curve for all inter-zonal streams based on a ΔTmin = 
20°C. 
 
Table 4. 12: Change in heat recovery by altering ΔTmin. 
ΔTmin Utility Type 
Original Energy 
(kWh) 
Pinch Temperature 
(°C) 
Minimum Energy 
Target (kWh) 
Energy reduction 
(kWh) 
Energy 
reduction 
(%) 
5 
Hot Utility 1936.85 
49 
1151.19 786.33 40.60% 
Cold Utility 1090.62 304.29 786.33 72.10% 
10 
Hot Utility 1936.85 
54 
1154.77 782.08 40.38% 
Cold Utility 1090.62 308.53 782.09 71.71% 
15 
Hot Utility 1936.85 
59 
1158.84 778.01 40.16% 
Cold Utility 1090.62 312.61 778.01 71.34% 
20 
Hot Utility 1936.85 
64 
1162.91 773.94 39.96% 
Cold Utility 1090.62 316.68 773.94 70.96% 
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In order to maximise heat recovery, a ΔTmin of 5°C is selected as Table 4.12 shows it offers the 
highest scope for heat recovery.  
Next, for each zone, the zone availability is determined to indicate variability of the streams 
within this zone (Table 4.11). This is calculated based on production cycles per week for one 
year, for example zone 7 has a zone availability of 31% which means there was no production 
for 69% of the year, or 35 weeks. The streams in zone 1a + 1b (Stream 1) was omitted from 
analysis as it was a new product at this factory and did not have any historical production data 
for determining its range of availability. 
The zone availability provides an important criterion for matching streams: with high zone 
availability. However, the zones may be too far part to be economical based on piping and 
pumping costs. As such, another criterion to consider in the decision making is geographic 
proximity (distance), as explained in Section 4.3.5. For this analysis, there are only three cold 
streams that can be matched with the hot streams. Therefore the distance is calculated from 
all hot streams to the cold stream in zone 3b and repeated for the one cold stream in zone 2 
and 5a+5b. This is done by visually mapping the piping route on a satellite map of the factory 
showing each zone. The results for Zone 3b are shown in Figure 4.23 and Table 4.13 and for 
Zone 5a + 5b in Figure 4.24 and Table 4.14. The hot streams which fall below the cold stream 
temperature range are not included as they cannot provide any heat recovery e.g. Stream 17, 
26 and 30. 
 
Figure 4. 23: Overhead pipe route for Zone 3b in inter-zonal heat integration. 
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Table 4. 13: Distance from the cold sink in Zone 3b to the available heat source Zones ranked from lowest to 
highest. 
Zone 
Stream 
number 
Stream 
type 
Heat source 
(kWh) 
Temperature range 
(°C) 
Operating hours 
(hrs) 
Zone availability 
(%) 
Distance to Zone 
3b (m) 
18 35 Hot 70.00 90.0 – 80.0 8,5921 100 223 
2 4.1 Hot 1.11 127.0 – 100 1,282 – 5,6822 96 105 
2 4.2 Hot 21.92 100 – 100 1,282 – 5,6822 96 105 
2 4.3 Hot 3.05 100 – 25  1,282 – 5,6822 96 105 
6a 27 Hot 110.00 184.1 – 120.0 2,652 – 3,6832 94 193 
6a 28 Hot 109.00 184.0 – 120.0 2,652 – 3,6832 94 193 
6a 29.1 Hot 3.59 122 – 100  169 – 4433 94 193 
6a 29.2 Hot 87.24 100 – 100  169 – 4433 94 193 
6a 29.3 Hot 12.11 100 – 25  169 – 4433 94 193 
3aa 10 Hot 60.80 120.0 – 70  3,453 – 4,0527 100 53 
3ab 12 Hot 28.74 120.0 – 90.0  2,428 – 3,6097 100 53 
8b 31 Hot 187.00 230.0 – 120.0 1,552 – 2,8802 88 115 
7 32 Hot 26.50 103.0 – 50.0 125 – 7412 31 100 
7 33.1 Hot 3.39 130.0 – 100 125 – 7412 31 100 
7 33.2 Hot 60.34 100 – 100 125 – 7412 31 100 
7 33.3 Hot 8.4 100.0 – 25 125 – 7412 31 100 
1 Year period of 2006 – 2012, 2 Year period of 2011 – 2012, 3 Year period with 7 days shut-down, 
 
 
 
Figure 4. 24: Overhead pipe route for Zone 5a+5b in inter-zonal heat integration. 
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Table 4. 14: Distance from the cold sink in Zone 5a+5b to the available heat source Zones ranked from lowest 
to highest. 
Zone 
Stream 
number 
Stream 
type 
Heat source 
(kWh) 
Temperature range 
(°C) 
Operating hours 
(hrs) 
Zone availability 
(%) 
Distance to Zone 
5a+5b (m) 
18 35 Hot 70.00 90.0 – 80.0 8,5921 100 435 
3b 17 Hot 279.00 21.0 – 18.0 8,5921 100 214 
2 4.1 Hot 1.11 127.0 – 100 1,282 – 5,6822 96 105 
2 4.2 Hot 21.92 100 – 100 1,282 – 5,6822 96 105 
2 4.3 Hot 3.05 100 – 25  1,282 – 5,6822 96 105 
6a 27 Hot 110.00 184.1 – 120.0 2,652 – 3,6832 94 20 
6a 28 Hot 109.00 184.0 – 120.0 2,652 – 3,6832 94 20 
6a 29.1 Hot 3.59 0 122 – 100  169 – 4433 94 
6a 29.2 Hot 87.24 0 100 – 100  169 – 4433 94 
6a 29.3 Hot 12.11 0 100 – 25  169 – 4433 94 
3aa 10 Hot 60.80 117.0 – 67.0  2,0196 100 265 
3ab 12 Hot 28.74 120.0 – 90.0  2,428 – 3,6097 100 265 
8b 31 Hot 187.00 230.0 – 120.0 1,552 – 2,8802 88 151 
7 32 Hot 26.50 103.0 – 50.0 125 – 7412 31 190 
7 33.1 Hot 3.39 130.0 – 100 125 – 7412 31 100 
7 33.2 Hot 60.34 100 – 100 125 – 7412 31 100 
7 33.3 Hot 8.4 100.0 – 25 125 – 7412 31 100 
1 Year period of 2006 – 2012, 2 Year period of 2011 – 2012, 3 Year period with 7 days shut-down, 
 
It can be seen in Table 4.13 and Table 4.14, with the view to maximise heat recovery, that the 
cold stream to match with all of the hot streams is the one in zone 3b, not the one in zone 5a 
+ 5b. For the cold stream in Zone 5a +5b, there is the option for a direct heat exchange with 
stream 27 or 28. However, these streams can provide a far greater benefit if exchanged with 
the cold stream in Zone 3b. 
For Zone 3b, by further discussions with process and quality specialists on-site, it was found 
an inter-zonal indirect heat integration scheme should be pursued for any of the streams due 
to compromise in product quality. Therefore, for this system three scenarios are explored 
where the hot temperature of the HTF system is changed in order to recover as much heat 
from the cold stream and to investigate the economic costs of heat exchangers and pumping 
requirements. The three scenarios are: (1) 57°C – 52°C, (2) 77 – 72°C, (3) 95°C – 90°C. The final 
results are shown shown in Table 4.15 for a ∆Tmin of 5°C. 
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Table 4. 15: Heat exchange and economic evaluation for three HTF temperature scenarios. 
Heat exchanger and economic item 
Scenarios 
1 2 3 
Hot water temperature (°C) 57 – 52 77 – 72 95 – 90 
Heat sink temperature (°C) 44 – 47  44 - 47 44 – 47  
LMTD 9 30 47 
Heat recovery available (kWh) 755 700 655 
Total piping length (m) 3,318 3,068 2,398 
Total piping costs (£) £28,755 £29,798 £21,206 
Total heat exchanger costs (£) £439,003 £182,460 £129,404 
HTF tank costs (£) £94,850 £88,708 £83,682 
Total pump costs (£) £88,861 £83,106 £68,671 
Total capital cost (£) £651,469 £384,071 £302,963 
MIN annual energy cost from pumping (£) £18,591 £17,735 £10,965 
MAX annual energy cost from pumping (£) £21,849 £21,100 £14,393 
MIN annual energy cost Avoided (£) £69,504 £62,788 £38,164 
MAX annual energy cost Avoided (£) £97,021 £89,482 £63,792 
Short payback period (years) 6.71 4.29 4.75 
Long payback period (years) 9.37 6.12 7.94 
MIN factory energy reduction (%) 3.62% 3.27% 1.99% 
MAX factory energy reduction (%)  5.05% 4.66% 3.32% 
 
As can be seen it Table 4.15, there are several compromises on the amount of heat recovery, 
factory energy reduction and economic costs between the different scenarios. Some of the 
key factors driving the variability in costs are from the streams included in the regions below 
and above the HTF temperature, subject to ∆Tmin of 5°C. As a result, the LMTD also varies 
affecting the heat exchanger areas and thus costs.  
Overall, it was found Scenario 1 has the highest economic costs and longest payback period 
but offers the maximum amount of heat recovery generating a factory energy reduction of 
3.62% – 5.05%. In comparison, scenario 2 has the lowest economic costs and shortest payback 
period but can only achieve a factory energy reduction of 3.27% - 4.66%. As a compromise, 
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between capital cost and heat recovery, scenario 2 has been selected as the final solution 
since it offers relatively high energy reduction with the lowest economic payback period. For 
the proposed heat integration scheme shown in Figure 4.25, a total of 24 new heat 
exchangers, one 125m3 hot tanks, one 125m3 cold tanks, and 3,068m of piping are required. 
The capital cost is estimated at £384,071 with a minimum and maximum payback period of 
4.29 – 6.12 years respectively. 
 
Figure 4. 25: Group indirect heat integration from the inter-zonal analysis. 
For the remaining streams which are unmatched and shown in Table 4.16, the potential of 
matching the cold streams with hot streams is further investigated. However, it can be seen 
the two cold streams do not offer the scope for heat recovery. This is because streams 5 and 
24 require indirect heat integration schemes to avoid product quality compromise. As such, 
the amount of heat recoverable does not satisfy the exclusion thresholds and therefore the 
analysis is not pursued any further. 
Table 4. 16: List of streams for inter-zonal analysis ranked according to stream availability. 
Zone 
Stream 
number 
Stream 
type 
Heat source 
(kWh) 
Cold source 
(kWh) 
Temperature range 
(°C) 
Operating hours 
(hrs) 
Zone availability 
(%) 
18 35 Hot 70.00 0 90.0 – 80.0 8,5921 100 
3b 17 Hot 279.00 0 21.0 – 18.0 8,5921 100 
2 5 Cold 0 7.49 70 – 127  1,282 – 5,6822 96 
6a 26 Hot 7.03 0 45 – 20  2,652 – 3,6832 94 
6b 30 Hot 6.19 0 45 – 28  2,821 – 4,1267 94 
3aa 10 Hot 60.80 0 117.0 – 67.0  2,0196 100 
3ab 12 Hot 28.74 0 120.0 – 90.0  2,428 – 3,6097 100 
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5a + 5b 20 Hot 5.21 0 45.0 – 35.6  2,613 – 6,5547 98 
5a + 5b 24 Cold 0 29.36 80 – 120  2,613 – 6,5547 98 
7 32 Hot 26.50 0 103.0 – 50.0 125 – 7412 31 
1 Year period with 7 days shut-down, 2 Year period of 2006 – 2012, 3 Year period of 2011 – 2012.  
The overall results for this study are shown in Table 4.17 and a comparison with the surplus 
heat and unmatched cold sink, resulting from the hot and cold streams that were not 
integrated, in Table 4.18. 
Table 4. 17: Final output of all opportunities proposed. 
Opportunities list 
Min energy 
(%)  
Max energy 
(%)  
Total capital 
cost (£) 
Min annual 
cost saved 
(£) 
Max annual 
cost saved 
(£) 
Short payback 
period (years) 
Long payback 
period (years) 
Intra-zonal integration in 
Zone 5a + 5b 0.27% 0.67% £37,525 £5,016 £12,597 2.98 7.48 
Intra-zonal integration in 
Zone 3ab 0.17% 0.26% £26,005 £3,192 £4,745 5.48 8.15 
Intra-zonal integration in 
Zone 3aa 0.28% 0.42% £44,551 £5,264 £7,825 5.69 8.46 
Intra-zonal integration in 
Zone 1a + 1b  0.043% 0.043% £1,217 £833 £833 1.46 1.46 
Group Inter-zonal indirect 
heat integration  3.27% 4.66% £384,071 £62,788 £89,482 4.29 6.12 
Total 4.04% 6.05% £493,369 £77,093 £115,481 4.27  6.40  
 
 
Table 4. 18: Comparison of the total opportunities benefits compared to the surplus heat and unmatched heat 
sink total remaining. 
Factory level 
Min factory energy 
reduction (%) 
Max factory energy 
reduction (%) 
Opportunities total 4.04 6.05 
Unmatched heat source total2 6.24 7.4 
Unmatched heat sink total 21.7 22.0 
4.5. Discussion 
A novel heat integration framework and decision-making tree has been developed and 
presented for complex and diverse production lines to evaluate all possible heat integration 
opportunities through a combination of direct and indirect heat exchanges. It is the first 
framework of its kind and has been applied at a confectionery factory in the UK to illustrate 
how it can be used to systematically identify and evaluate heat integration opportunities 
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compared to other food factories (Eiholzer et al, 2017; Walmsley et al, 2016, Amon et al, 
2015). 
The key features that distinguish this approach from previous authors (Stamp and Majozi, 
2017; Song et al, 2017; Wang et al, 2015) is the practical holistic assessment of heat 
integration from a combination of direct and indirect heat exchange at both a zonal-level and 
a factory-level. The whole procedure comprises four stages; process zoning and data 
extraction, preliminary analysis, intra-zonal integration, and inter-zonal integration. By 
adopting an integrated approach, the framework seeks to maximise heat recovery for the 
total factory, as opposed to solely for targeted areas which focus either on direct or indirect 
heat integration as found in previous examples (Tokos et al, 2010, Brown et al, 2005, Kemp, 
2007). Also, the inclusion of key decision events that covers potential energy reduction, 
material quality, and investment requirement ensure the assessment is rigorous and justified. 
The application of the framework at a confectionery factory in the UK has resulted in the 
development of five heat integration opportunities that collectively can deliver between 
4.04–6.05% energy reduction at a factory level with a total investment of £493,369 and a cost 
saving between £76,907– £115,119 resulting in a payback period of the cost of the changes 
between 4.27 – 6.40 years.  In total, four heat integration opportunities were indirect 
schemes and one was a direct heat integration scheme e.g. 80% indirect heat integration and 
20% direct heat integration. The expected energy savings is on the lower end as it was initially 
found that the potential factory energy reduction could be between 10.28 – 13.30%. It was 
found that this factory had a larger heat sink that could not be matched by the smaller heat 
source available.  
As well, the entire heat source available was not integrated and the final assessment resulted 
in a number of unmatched streams that left the factory with a surplus heat and a number of 
unmatched cold sinks that could not be integrated due to lack of suitable streams, 
unfavourable geographical proximity, and potential compromise of material quality. This 
unmatched heat source (inc. surplus heat) was found to represent between 6.24–7.40% of 
the factory energy with a larger cold sink unmatched representing between 21.7 – 22% of the 
factory energy. This is a significant amount that was unexpected and may be experienced at 
other food factories. At this stage, it can be found that a factory energy reduction between 
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4.04–6.05% is the highest amount of what is achievable for this case site with heat integration. 
Therefore, other energy reduction measures must be explored at the unit operation level, 
such as energy efficient technologies, behaviour change that encourage efficient operation of 
machines, and redesign of production lines that lead to energy conservation and 
consequently GHG emission reduction, contributing to the environmental sustainability of 
factories. This could also be supported by other possible measures relating to both energy 
and environment which were not covered by this work, for example use of biomass boiler, 
energy recovery from waste and use of HPs.  
In addition, it is anticipated that the application of the framework at other food factories or 
indeed other sectors for example coffee or industrial chemicals offers the potential for higher 
energy savings and a larger sector impact as they tend to have more streams of high grades 
and therefore offer the possibility for lower economic payback period that is more acceptable 
for companies to implement.  Despite this, an acceptable payback period could be: 1 year for 
most small changes, 2-3 years if the driver is sustainability, and 5 years for major plant.   
Furthermore, it was found at this case site that there were four low-grade hot streams that 
represented 4.98% factory energy that could not be integrated. The majority of these streams 
were below 60°C and were not capable of being matched as they were thermodynamically 
infeasible with the cold streams. This may be a similar situation for other food factories where 
the role of technological interventions such as a heat pump could be explored to increase the 
temperature and therefore its value. This would further increase the factory energy reduction 
if a heat sink can be found. 
One of the major heat integration options developed that could deliver 4.66% factory energy 
reduction is a group indirect heat integration scheme (Figure 4.25) as a result of the inter-
zonal analysis. This scheme requires a large footprint and a high level of infrastructure to 
implement as it involves 24 new heat exchangers and two 125 m3 tanks, and 3,068 of piping. 
For the case site, there are some serious physical constraints that limit its footprint as it is 
located in an urban area where land is restricted and in competition for other purposes such 
as expansion of production zones. This is a likely situation for many food factories that have 
been developed over time given the existing industrial base in the UK and therefore can 
hamper the potential energy reductions. 
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Furthermore, the scenario analysis on the temperature of the HTF system has shown the 
compromises between the amount of heat recovery and the economic cost of heat 
exchangers and pumping requirements. For the group indirect heat exchange, it was found a 
hot water temperature of 77 – 72°C offered the most desirable trade-off between heat 
recovery and costs for Inter-zonal analysis. However, further research is required to 
encompass the maximum and minimum targets from decision-makers to determine the 
optimum solution as part of a multi-objective optimisation.   
The decision making tree is intended to be used as a tool to guide users how to recover heat 
at a factory level. It is estimated the application can be done in less than 6 weeks. The most 
time consuming part is stage 1 which involves data capturing and extraction. The effort 
required by this stage will depend on the maturity of the energy management system due to 
the quantitative and qualitative data requirements to conduct a heat integration assessment. 
The engagement with operators, process and quality specialists is very important to ensuring 
all the data made available is reliable and that the user is able to understand the impact heat 
integration may have on production.  
Finally, the development of a range of exclusion thresholds for stage 1 based on heat duty 
and run hours has dramatically reduced the tedious analysis that is confronted with the data 
extraction in a Pinch study (Linnhoff et al, 1982). Also, the data extraction step is taken further 
and graded based on temperature levels. This can be a major barrier in the food industry 
where food factories manufacture a diverse number of products which can inundate the user 
with information. The issue with the large amount of information presented to users has been 
resolved with the application of exclusion thresholds that filter the streams list to a volume 
that is deemed practically worth investigating further in terms of energy cost avoided. In the 
case study, the application of exclusion thresholds reduced 81 streams to 36 demonstrating 
the effectiveness of the exclusion thresholds. 
4.6. Conclusions 
A zonal-to-factory level approach to heat integration in diverse production lines by a 
combination of direct and indirect heat exchanges has been presented and applied at a 
confectionery factory. This is the first attempt to develop and apply a novel Pinch-based 
framework within such a context. The framework has been developed drawing on industrial 
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experience, taking into account the practical limitations of heat integration such as; stream 
availability, geographic proximity and material quality in the food industry. The key features 
are the practical holistic assessment of heat integration from a combination of direct and 
indirect heat exchange at both a zonal-level and a factory-level. The whole procedure 
comprises four stages; process zoning and data extraction, streams zonal analysis, intra-zonal 
integration, and inter-zonal integration. By adopting an integrated approach, the framework 
seeks to maximise heat recovery for the total factory, as opposed to solely for targeted areas 
which focus either on direct or indirect heat integration. The introduction of exclusion 
thresholds followed by a grading system ensures streams are investigated further based on 
the energy costs avoided and heat duty.  
The application at a confectionery factory has demonstrated the usage of the procedural tool 
in evaluating both direct and indirect heat integration opportunities in a consolidated attempt 
at different scales of a factory. In this case study, five heat integration options were developed 
that can deliver between 4.04–6.05% energy reduction at a factory level with a total 
investment of £493,369 and a cost saving between £76,907– £115,119 resulting in a payback 
period of the cost of the changes between 4.27 – 6.40 years.   
Overall, the proposed heat integration framework, illustrated through a particular 
application, makes several contributions to knowledge: 
(1) The heat integration framework provides a new way of thinking about heat integration 
in the food industry by adopting a multi-zonal analysis involving direct and indirect 
heat integration; 
(2) Key features such as exclusions thresholds, preliminary analysis, geographic proximity, 
and zone availability help to reduce the time and effort to carry out a heat integration 
assessment; 
(3) Indirect heat integration can provide the highest scope of heat recovery for food 
factories due to product quality compromise;  
(4) 80% of heat integration solutions are by indirect heat integration;  
(5) Hot water temperature for HTF system should aim to be from 77 °C to 90°C for a 
factory similar to the one investigated to reduce capital costs; and  
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(6) First pinch analysis study for a confectionery factory. The case study will be highly 
beneficial to the 12,700 confectionery manufacturers across Europe seeking to 
understand the benefits and challenges of heat integration. 
A key area for further research is to investigate the recovery of low-grade heat, in particular 
below 60°C. This can potentially be achieved by using heat recovery technologies such as HPs 
and organic Rankine Cycles (ORC) as new features in the current proposed heat integration 
framework. 
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Chapter 5. Maximising the Recovery of Low Grade Heat by 
Heat Pump Intervention 
5.1. Introduction 
The research presented in this chapter is an extension of the heat integration framework 
developed in Chapter 4 but aims to maximise heat recovery by recovering low-grade heat by 
heat pump intervention (Miah et al, 2015c). The chapter begins by presenting an overview of 
the literature on low-grade heat recovery in the food industry in Section 5.2. This is followed 
by a description of the proposed methodology to recover low-grade heat by direct and 
indirect heat exchange involving heat pump technology from zonal to multi-zonal analysis in 
Section 5.3. A demonstration of the proposed methodology is shown for a confectionery case 
study in Section 5.4. Next, a discussion of the proposed methodology and how it advances 
knowledge in heat integration is shown in Section 5.5. Lastly, the conclusions are provided in 
Section 5.6. 
5.2. Literature Review  
5.2.1. Overview of Low Grade Heat Recovery in the Food Industry 
In the food industry, it is estimated that the unutilised recovery of low-grade heat (e.g. from 
ambient up to 260°C) can account for a potential cost saving of £70 million per annum in the 
UK (Law et al, 2013; Ammar et al, 2012,). However, some of the factors compounding the 
challenges for the recovery of low-grade heat include financing, disruption of technology, and 
lack of technology knowledge (Walsh and Thronley, 2012). Despite this, the recovery of low-
grade heat can be achieved by three core approaches: 
(1) Heat exchange by direct and/or indirect heat exchange (Arsenyeva et al, 2016) 
(2) Upgrade / conversion of low grade heat (Oluleye et al, 2016) 
(3) Pinch analysis (Liew and Walmsley, 2016; Kwak et al, 2014) 
The first approach is simple heat exchange by direct or indirect means following the laws of 
thermodynamics, the second is the upgrade/conversion of low grade heat by a technological 
intervention e.g. heat pump to make the heat available for recovery by heat exchange (Smith, 
1983), and finally the third is a systematic review of the heating and cooling system either at 
a targeted or whole factory level to design the most energy efficient heat exchange system, 
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an approach known as pinch analysis (Linnhoff et al, 1982, Kemp, 2007).  However, all of these 
approaches have limitations for the recovery of heat in a factory.  
The main limitation for the first approach is that it is simple and targeted based on an energy 
audit. As such, projects are typically developed based on economic returns which do not offer 
an opportunity to establish the full potential for capturing the low grade heat across a factory, 
due to a market and company undervaluation of energy.  
The second approach is also targeted but can be constrained by the heat pump design (for 
example the selection of working fluids) which limit the temperature of the low-grade heat 
recoverable and heat discharged (Wang et al, 2013). Furthermore, the integration of HPs has 
the potential to compromise product material quality due to toxic working fluids and has not 
been widely considered in the food industry (Becker et al, 2012)  
The last approach requires a high level of resources e.g. time, money and knowledge to collect 
data and carry out an assessment where, despite the effort, the final analysis can result in no 
recovery of low-grade heat (Miah et al, 2014). This is because low-grade streams typically fall 
outside of the interesting regions when the Pinch rules are applied, especially for streams 
below 60°C. 
5.2.2. Technologies to Recover Low Grade Heat  
5.2.2.1. Heat Pump Technology 
A heat pump is a device that takes in low-temperature heat and upgrades it to a higher 
temperature to primarily provide process heat or space heating (Smith, 2010). The source of 
low grade heat can either be waste heat to be expelled to the atmosphere or drain, and can 
also include heat that is currently cooled by a refrigeration plant. As such, it has the potential 
to reduce the load requirement of a boiler and refrigeration plant for small-medium factories. 
In addition, reducing the load on refrigeration plants can lower the factory water 
consumption as refrigeration plants typically employ forced wet cooling towers to cool the 
heat discharge to atmosphere. However, the capital cost of HPs is high in comparison to a 
conventional combustion boiler and typically impose long economic payback period times. 
Despite this, there are different configurations of HPs with different COPs operating at 
different electricity costs that can be competitive with the aid of subsidies e.g. government 
grants like Renewable Heat Incentives (RHI) (IRENA, 2013). 
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There are several commercial heat pump types available based on the mechanical vapour 
compression cycle or the absorption cycle (Wu et al, 2014a, Wu et al, 2014b), and new designs 
continue to emerge (Chua et al, 2010). A simple mechanical heat pump arrangement are 
shown in Figure 5.1 with performance equations below. 
 
Figure 5. 1: Schematic of a simple heat pump (heat pump) and performance equations. 
Stage 1  2: Evaporator: 
?̇?𝑒 = ?̇?𝑤𝑓(ℎ2 − ℎ1)                                                      (𝐸𝑞 − 5.1) 
Stage 2  3: Compressor: 
 ?̇?𝑐 = ?̇?𝑤𝑓(ℎ3 − ℎ2)𝜂                                                     (𝐸𝑞 − 5.2) 
Stage 3  4: Condenser:  
?̇?𝑐 = ?̇?𝑤𝑓(ℎ3 − ℎ4)                                                       (𝐸𝑞 − 5.3) 
Stage 4  1: Throttle: No enthalpy change 
Heat Pump efficiency: 
𝐶𝑂𝑃 =
𝑄𝑐
𝑊𝑐
                                                             (𝐸𝑞 − 5.4) 
where: 
?̇?𝑒 = 𝐻𝑒𝑎𝑡 𝑙𝑜𝑎𝑑 𝑜𝑓 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟; 
?̇?𝑐 = 𝐻𝑒𝑎𝑡 𝑙𝑜𝑎𝑑 𝑜𝑓 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟; 
ℎ = 𝐸𝑡ℎ𝑎𝑙𝑝𝑦; 
?̇?𝑤𝑓 = 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑎𝑟𝑒𝑡 𝑜𝑓 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑; 
?̇?𝑐 = 𝑊𝑜𝑟𝑘 𝑑𝑜𝑛𝑒 𝑏𝑦 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟; and 
𝐶𝑂𝑃 = 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒. 
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The working principal of a heat pump is as follows; the heat pump absorbs heat at a low 
temperature in the evaporator, consumes power when the working fluid is compressed and 
rejects heat at a higher temperature in the condenser. The condensed working fluid is 
expanded and partially vaporises. The cycle then repeats. The typical temperature lift can be 
anywhere up to 25°C and is rarely higher as the capital and operating costs of compressors 
with high discharge pressures i.e. above 25 bar impose long economic payback periods that 
are unattractive (Smith, 2010). This is because the construction materials of compressors 
required to withstand high pressures are expensive. Also, the energy consumption can be 
high as the power requirements are proportional to the differential pressure of the 
compressor which is dependent on the discharge temperature, for example the discharge 
pressure for Ammonia at 100°C is 62.5 bar compared to a discharge temperature at 50°C is 
20.3 bar. To address the issue of high energy consumption, there are heat pump designs that 
incorporate multi-stage compressors with intercooling which can reduce the overall power 
requirements (Song et al, 2017b; Smith, 2010; Kristensen and Korfitsen, 1998). 
Within the context of heat integration, there have been several attempts to integrate heat 
pump technology as part of a Pinch-based methodology (Oluleye et al, 2016; Liew et al, 2016; 
Kwak et al, 2014; Becker et al, 2012; and Kapustenko et al, 2008). However, the majority of 
these approaches are at a total site level where the integration of heat pump technology takes 
place at the utility level and not for specific plants or in between plants (Oluleye et al, 2016, 
Liew et al, 2016, and Kwak et al 2014). As such, the scope for heat pump integration is limited 
in current approaches, as it does not consider low-grade heat recovery within processes and 
between processes. 
5.2.2.3. Organic Rankine Cycle (ORC) 
An Organic Rankine Cycle (ORC) is similar in layout to a heat pump. However, the key 
difference is the compressor is replaced with a turbine. The working principal of an ORC is as 
follows; the ORC absorbs heat in the evaporator causing the working fluid to evaporate, the 
fluid then moves into an expander where the working fluid expands and drives a turbine 
generating electricity, the working fluid returns to the condenser as a liquid. Overall, the key 
difference is the generation of electricity rather than an upgraded stream at a higher 
temperature.  
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Currently, ORCs are a technology which are still in development compared to heat pump 
technology which is more widely applied across various sectors and can be readily purchased 
as modular systems (STAR Refrigeration, 2017). Some of the factors which limit ORCs include 
the source of heat, working fluid types and mechanical efficiency of turbine to generate 
electricity (Quoilin et al, 2013). A comparison of different ORC technologies is shown in Table 
5.1. 
Table 5. 1: Survey of ORC manufacturers (Source: Quoilin et al, 2013). 
Manufacturer Country Power range (kWe) Heat source temperature (°C) 
ORMAT US 200 – 70,000  150 – 300  
Turboden Italy 200 – 2,000  100 – 300  
Adoratec Germany 315 – 1,600 300 
Opcon Sweden 350 – 800  <120  
GMK Germany 50 – 5,000  120 – 350  
Bosch KWK Germany 65 – 325  120 - 150 
Turboden PureCycle US 280 91 – 149  
GE CleanCycle US 125 >121 
Cryostar France n/a 100 – 400  
Tri-o-gen Netherlands 160 >350 
Electratherm US 50 >93 
As in the case of heat pump, applying an ORC as part of a heat integration strategy has been 
explored by a few researchers (Yu et al, 2017; Gutierrez-Arriaga et al, 2015; Kapil et al, 2012). 
For example, Kapil et al (2012) adopted a TSA methodology to integrate an ORC for low-grade 
heat above 110°C. Gutierrez-Arriaga et al (2015) adopted a mathematical optimisation 
methodology to integrate an ORC for low-grade heat above 90°C. Yu et al (2017) adopted a 
mathematic optimisation methodology to integrate an ORC for low-grade heat between 120 
– 200°C.  However, the current examples are considered for the petrochemical sectors where 
the quantity of low grade is considerably higher than the food industry. As such, the 
economics of ORC technology is more viable since a high volume of heat recovery can be 
achieved.  
5.2.3. Summary of gaps in knowledge  
The literature review on low-grade heat recovery has highlighted several gaps in knowledge 
in relation to both the methodological development of heat integration approaches for low-
grade heat recovery and application in the food industry, especially for the confectionery 
industry. In summary, the major gaps in knowledge are: 
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(1) No analysis of low-grade heat recovery for confectionery factories by heat pump 
technology and/or ORC. This is important because the recovery of low-grade heat can 
increase energy reductions; and 
(2) No systematic methodology to recover low-grade heat by heat pump technology 
and/or ORC in conjunction with a heat recovery search involving both direct and 
indirect heat recovery considering multiple zones in a food factory. 
5.3. Methodology 
5.3.1. Overview of the Proposed Framework  
The development of the new methodological framework presented here is based on the heat 
integration framework by Miah et al (2014), and upon the experiences drawn from different 
factories (Miah et al, 2015a). There are several novel features which distinguish the proposed 
methodological framework to Miah et al (2014) as follows: 
(1) The inclusion of heat pump technology to upgrade low-grade heat to a higher 
temperature. This is important because low-grade heat is widely unutilised and offers 
the potential to increase energy efficiency (Law et al, 2013, Ammar et al, 2012). 
(2) The adoption of ‘heat pump Thresholds’ to select heat pump designs that can be 
considered as a potentially better alternative compared to a steam generation 
combustion boiler.  
(3) Stream classification in terms of the quality of heat content (e.g. high / medium / low 
grade heat, Sadhukhan et al, 2014) as well as the function, e.g. process streams, utility 
stream etc. (Linnhoff et al, 1982, Sadhukhan et al, 2014). This is important because it 
correctly identifies and separates streams which link process and utilities zones with 
the view to feasible integration while also eliminating pre-existing cross pinch heat 
transfer between different parts of the factory. The following classes of streams are 
defined in this study:  
P = Process streams, which includes streams of intermediary materials or 
product material. 
PS = Process support, which includes streams that provide a support function 
for process streams e.g. Air Handling Units (AHU). 
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W = Waste streams, which includes streams that are expelled to the 
atmosphere or drain. This can be for both process and utility. 
U – R = Refrigeration utility, which includes streams within the refrigeration plant. 
U – H = Heating utility, which includes streams within the heating generation 
system e.g. boiler feedwater. 
U – C =  Cooling utility, which includes streams within the cooling generation 
system e.g. cooling water. 
(4) A decision making procedure to select process or utility heat integration in complex 
and diverse factories. This is a major practical problem that is not extensively covered 
in the literature. For example, the integration of process equipment can be a 
competitive disadvantage in a highly dynamic factory that requires equipment to be 
changed in the short-term to manufacture different products (Kemp, 2007).  
The above features, implemented in an integrated framework, provide a comprehensive 
approach to pursuing heat integration with the aim to maximise the heat recovery in 
factories.  
The framework is concerned with existing streams (both process and utilities) and the role of 
one technological intervention; heat pump. There are a range of other technologies based on 
thermoelectric and Organic Rankine Cycle (ORC) concepts but they are considered as less 
practical and economically viable compared to heat pump (Cola et al, 2016, Quoillin et al, 
2013). The methodology to integrate a heat pump is provided by Linnhoff and Townsend 
(1983) and Smith (2010). The scale of application is from a targeted zonal-level up to factory-
level (a factory consists of various zones, process and utility).  
The methodological framework contains four stages which begin at a zonal-level and 
proceeds to factory-level through Inter-zonal heat integration and heat pump technology, as 
shown in Figure 5.2. This is to ensure suitable integration opportunities are identified at each 
level. The reader is referred to Miah et al (2014) for an extensive overview of the steps 
involved in each stage. The current chapter focuses on the new steps proposed within each 
stage, which are described in the following subsections.  
Page | 111  
 
 
Figure 5. 2: General stages in the heat integration framework (Source: Miah et al, 2014). 
5.3.2. Stage 1: Process Zoning and Data Extraction 
This stage involves narrowing the scope of heat integration to zones. A new addition involves 
a classification for streams types, as shown earlier. As such, the output of this stage is two 
streams list to be analysed further; process and utility. The process list will include streams 
classified as; P, PS and W. The utility list will include streams classified as; U-R, U-H, U-C and 
W. Both streams list will contain hot and cold streams to be considered for process or utility 
heat integration. 
Another purpose of the stream classification is to correctly identify and separate streams 
which link process and utilities zones with the view to feasible integration (space availabilities, 
rerouting of pipes, etc.) while also eliminating pre-existing cross pinch heat transfer between 
different parts of the factory. This is important because cross pinch heat transfer does occur 
in practice and results in an inefficient Heat Exchanger Network (HEN).  
The data extraction involves the collection of stream data covering the thermophysical 
properties for both the process and utility streams. This includes mass flowrate, supply and 
return temperature, and heat capacity. The quality of data collected is paramount to ensure 
the reliability of further analysis. As such, primary data should be sought initially which can 
come from measured data whereas secondary data sources can include theoretical 
calculations and literature. A full description of the data extraction step is provided by Miah 
et al (2014) and Sadhukhan et al (2014). 
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5.3.3. Stage 2: Preliminary Analysis 
This stage involves a preliminary analysis before any heat integration design is progressed. 
Several steps of analysis are carried out. 
5.3.3.1. A Decision Making Procedure to Select Process or Utility Heat 
Integration 
Process or utility heat integration is selected at this stage based on operational flexibility, 
solution complexity, direct and indirect heat exchange. The selection of feasible heat 
integration involves answering to a series of questions reflecting operational flexibility and 
solution complexity, as shown in Figure 5.3 and possible illustrative answers shown in Tables 
5.2 and 5.3. These questions are meant to provide general guidance to assist the engineers to 
arrive at a suitable decision. When mixed answers to these questions are present in a 
particular application, one needs to make a balanced overall judgement on the complexity of 
the factory under consideration. The prevailing assumption in the questions is that process 
heat integration is found in simple factories and utility heat integration in complex factories. 
There are two exchange methods; direct and indirect. Direct heat exchange involves the heat 
exchange between two streams in a single heat exchanger. In comparison, indirect heat 
exchange involves the exchange of heat through a Heat Transfer Fluid (HTF) e.g. water and 
requires two heat exchangers and a HTF tank. Both of these heat exchange methods can be 
applied to the process or utility operating system. In process heat integration, only process 
streams are considered for heat integration e.g. as in the case of product heating by feedstock 
cooling. In comparison, utility heat integration occurs between two utility streams (such as 
the heat rejected from a compressor to atmosphere and boiler feedwater). As such, in the 
context of operational flexibility, the utility heat integration offers more flexibility than 
process heat integration. Therefore, any new addition or modification of process equipment 
in a dynamic factory will have a minor effect on the operation of the utility system. Also, in 
the context of solution complexity, an indirect heat exchange creates a higher complexity 
compared to a direct heat exchange. This is because the indirect heat exchange requires 
multiple heat exchangers connected with HTF tanks. On the whole, this is far more complex 
than a direct heat exchange solution. However, the trade-off is the gain in flexibility at the 
cost of complexity allowed by indirect heat exchange arrangements. 
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Figure 5. 3: An overview of the trade-off between operational flexibility and solution complexity of pursuing 
heat integration for process or utility streams. 
 
Table 5. 2: A list of questions to choose between process and utility heat integration based on factory 
complexity. 
Question Purpose of the question 
Descriptive answer 
Leading to the selection 
of process heat 
integration 
Leading to the 
selection of utility heat 
integration 
Simple factory Complex factory 
1. Are there many 
production areas? 
If there are several production 
areas then they may require 
separate heating and cooling 
networks. 
No, less than 3. Yes, more than 3. 
2. What is the length of 
the production line 
chain? 
If production lines are 
comprised of many steps this 
will impose a time burden to 
search for streams. 
Short, there are only a few 
equipment connected. 
Long, there are many 
equipment connected 
that include 
manufacturing and 
packing technology. 
3. Are there many 
product groups? 
If there are many product 
groups then they will require 
different processing 
technologies or varying energy 
consumption. 
No, there are less than 3 
product groups. 
Yes, there are many 
groups making a range 
of different products 
4. Are there many utility 
systems? 
If there are many utility 
systems this will impose a 
complex network to integrate. 
No, there is one main boiler 
and a central refrigeration 
system. 
Yes, multiple heat and 
cooling systems across 
the factory. 
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Table 5.3: A list of questions to choose between process and utility heat integration based on factory 
flexibility. 
Question Purpose of the question 
Descriptive answer 
Process heat integration Utility heat integration 
Simple factory Complex factory 
1. Are you planning to 
install new production 
lines or modify 
existing lines in the 
near future? 
If new production lines are 
installed in a short-time this 
will introduce new 
equipment and process 
streams. 
No, the current production 
lines have not changed in 
several years and no 
change foreseen for the 
next 3 years. 
Yes, there is a high 
turnover of products 
requiring modifications to 
existing lines or 
completely new lines. 
2. What is the mode of 
operation? 
To determine if available 
streams for integration are 
limited to mode of 
operation.  
Only one mode employed; 
continuous or semi-
continuous or batch 
Multiple modes 
employed; Continuous, 
semi-continuous and 
batch.  
5.3.3.2. Determination of Energy Potential 
Following the selection of process or utility heat integration, a factory pre-check is carried out 
on the potential streams list to determine the potential energy reduction at a factory level. 
This is done for two different streams list; one with technological interventions and the other 
without.  
The stream list with technological intervention evaluates one technology; a heat pump. The 
heat pump technology is only considered for streams extracted based on the ‘stream 
exclusion thresholds’ developed by Miah et al (2014). For these streams, a range of heat pump 
configurations can be considered based on natural working fluids with low Global Warming 
Potential (GWP), for example ammonia (R717), propane (R290), and carbon Dioxide (R744) 
(Refrigerants, Naturally!, 2014). As a guide, the graph in Figure 5.4 (produced in this work) 
shows what heat pump configurations (the same efficiency is assumed for different 
configurations) can be considered on an operational basis versus a range of steam costs. For 
example, corresponding to the cost of 1 tonne of steam at £30 (the cost is based on natural 
gas consumption to raise raise water from 15°C to 150°C steam), the threshold for the cost of 
adopting a heat pump is 4p/kWh (the heat load is based on the energy required to raise water 
from 15°C to 150°C steam). Therefore, any heat pump configuration below this ‘heat pump 
Threshold’ can be considered as competitive on an operational basis with a steam generation 
combustion boiler e.g. based on an electricity price of 12 p/kWhe this equates to a heat pump 
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with a COP of 3 or higher. Technically, any hot stream that is above the boiling point for the 
heat pump working fluid is possible to be integrated. However, since the goal of the 
framework is to recover low grade heat the streams below 60°C i.e. the maximum 
temperature for a low grade stream are selected for analysis based on a heat pump COP of 3.  
The COP depends primarily on the (average) temperatures of the condenser and the 
evaporator in the cycle and these correspond to the temperature of the heat supplied and 
the temperature of the ‘reservoir’ from which the heat is being extracted.  As such, a COP of 
3 is where the heat rejected at the higher temperature is three times the electricity consumed 
by the heat pump. The selection of a COP of 3 is assumed because average COPs found in the 
literature corresponds to this figure (Smith, 2010). A temperature lift of 25°C is assumed for 
a compressor and through multi-stage compressors (maximum is three as it highly uncommon 
to find any higher) the temperature can be raised by maximum of 75°C (Smith, 2010).  
The methodology to target a heat pump is based on the principles of pinch analysis (Linnhoff 
et al, 1982) to first set the energy targets by creating Composite and Grand Composite Curves 
(CC and GCC), followed by the optimal placement of HPs (Townsend and Linnhoff, 1983), and 
then to systematically design the most energy-efficient Heat Exchanger Network (HEN). 
Following this approach, the appropriate placement of HPs is across the pinch in a Grand 
Composite Curve (GCC) as heat is pumped from part of the process that is overall a heat 
source to the part that is overall a heat sink (Smith, 2010). A detailed HEN design is 
subsequently carried out. 
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Figure 5. 4: Operating cost comparison of heating for different heat pump specifications and also in relation to 
steam at different costs (produced in this work). 
Once the energy savings are determined from technological interventions, the next stage is 
to determine the energy demand or capacity of potential supply of the graded streams in a 
zone for a period of one production year based on their heat duties and run hours. All the 
streams from the different zones are then aggregated according to their grades to form 
graded stream “batches” (i.e. subsets of streams), as described by Miah et al (2014). It will 
then be possible to roughly determine how much energy saving can be achieved by 
integrating high- (medium-) grade hot streams with medium- (low-) grade cold streams. The 
application of HPs could potentially move all the low grade hot streams to medium hot grade, 
thus allowing the set of streams to be integrated with either medium and/or low grade cold 
streams. This would not have been possible without a technological intervention and 
therefore potentially increases the energy efficiency. Once the graded stream batches are 
matched this provides an estimate of the potential factory energy reduction, e.g. in terms of 
a percentage of total energy consumption of the current factory. This is a fast and practical 
way to quickly determine the potential of heat integration before any detailed analysis. The 
above procedure is repeated for the streams list without heat pump interventions.  
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If the potential factory energy reduction is estimated to be greater than a reasonable 
threshold, e.g. 5-10% of the factory energy consumption, then the holistic heat integration 
assessment can continue to evaluate the actual heat recoverable based on pinch analysis for 
the two different streams list; one with technological interventions and the other without. 
However, if this value is less than the threshold, no further heat integration assessment is 
recommended but the factory may wish to pursue simple stream matches to develop simple 
heat recovery projects. 
5.3.4. Stage 3: Intra-zonal Integration  
If heat integration assessment is to be further pursued, the selected streams present in the 
same zone which share a similar temporal on/off run pattern (i.e. operation window) and 
possess spatial proximity with each other, will be considered first. However, before this can 
begin the decision-maker is faced with two separate streams list that need to be rationalised 
and combined for further analysis. As the goal of the framework is to maximise energy 
reduction the selections of streams should be based on the highest reduction.  
The order of heat integration should proceed as follows: direct, indirect, and then 
technological interventions. This is because direct heat exchange will provide the highest heat 
recovery compared to indirect heat exchange as there will be no heat transferred to a Heat 
Transfer Fluid (HTF). The consideration of technological interventions should be after direct 
or indirect exchanges have been explored because technological interventions are designed 
to recover waste or surplus heat. A full description of the steps involved is provided by Miah 
et al (2014). 
5.3.5. Stage 4: Inter-zonal Integration  
The final stage involves identifying heat integration opportunities among all remaining 
streams not coupled in the original filtered list from different zones by direct or indirect heat 
integration. This involves first determining if heat integration is feasible or not, and then 
whether direct or indirect heat integration should be pursued based on product quality and 
geographic proximity. A full description of the steps involved is provided by Miah et al (2014). 
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5.4. Results 
5.4.1. Overview of Case Study 
The case study is a modified confectionery factory in the UK to allow a complete 
demonstration of the whole framework. The factory contains two production areas 
manufacturing a sugar-based product, one packaging area which packages a range of 
different product formats, one central boiler that provides steam at 5 bar to the factory, one 
central refrigeration system that provides cooling to the factory, a compressor house that 
provides compressed air, and an effluent treatment plant that receives the wastewater from 
the factory before being released to the public sewers, see Figure 5.5. 
 
Figure 5. 5: Modified confectionery factory. 
5.4.2. Results of Process Zoning and Data Extraction (Stage 1) 
The factory layout is divided into zones to extract steam data for process and utility systems, 
shown in Figure 5.5 and the extracted data in Tables 5.4 and 5.5. In total, there are eighteen 
process streams comprising a mixture of hot and cold ranging from low to medium grade. For 
the utility systems, there are a total of nine streams which range from cold to medium grade. 
The streams classification strategy was applied to identify the process and utility streams for 
further analysis. For the utility system, there is a total waste heat of 338 kWh (streams 2 and 
3) which can be considered for integration between the process and utility zones during Inter-
zonal analysis. This is because waste heat from zones can be utilised anywhere in the factory 
as they do not impact the process or utility system. The next stage is to carry out a preliminary 
check on the potential heat recoverable and to determine whether heat integration should 
be pursued for the process or utility operating domain.  
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Table 5. 4: List of filtered process streams. 
Process Streams 
Stream 
number 
Stream 
type I 
Stream 
type II 
Supply 
temperature 
(°C) 
Target 
temperature 
(°C) 
Stream grade 
Mass 
flowrate  
(kgs-1) 
Heat 
capacity (Jkg-
1°C-1) 
Heat capacity 
flowrate, CP 
(Js-1°C) 
ΔH (kWh) 
Operating run 
hours range (hrs) 
Production A          
1 COLD P 15.0 70.0 Low – Medium 0.0594 4.181 0.2484 13.66 3,453 – 4,052 
2 COLD P 15.0 70.0 Low – Medium 0.0727 4.181 0.3040 16.72 3,453 – 4,052 
3 COLD P 25.0 60.0 Low – Medium 0.4160 2.000 0.8320 29.12 3,453 – 4,052 
4 COLD P 25.0 60.0 Low – Medium 0.4160 2.000 0.8320 29.12 3,453 – 4,052 
5 COLD P 30.0 55.0 Medium 0.5820 2.000 1.1640 29.10 3,453 – 4,052 
6 COLD P 30.0 55.0 Medium 0.5820 2.000 1.1640 29.10 3,453 – 4,052 
7 HOT P 130.0 80.0 Medium 0.6080 2.000 1.2160 60.80 3,453 – 4,052 
8.1 Hot W 120.0 100 Medium 0.0289 4.230 0.1222 2.44 3,453 – 4,0527 
8.2 Hot W 100 100 Medium 0.0289 - - 65.31a 3,453 – 4,0527 
8.3 Hot W 100 25.0 Medium 0.0289 4.181 0.1210 9.08 3,453 – 4,0527 
9 HOT P 130.0 80.0 Medium 0.6080 2.000 1.2160 60.80 3,453 – 4,052 
10.1 Hot W 120.0 100 Medium 0.0289 4.230 0.1222 2.44 3,453 – 4,0527 
10.2 Hot W 100 100 Medium 0.0289 - - 65.31b 3,453 – 4,0527 
10.3 Hot W 100 25.0 Medium 0.0289 4.181 0.1210 9.08 3,453 – 4,0527 
Production B 
11 HOT PS 21.0 18.0 Low 93.000 1.000 93.0000 279.00c 8,592 
12 COLD PS 44.0 47.0 Low 68.260 1.000 68.2600 550.00d 8,592 
13 COLD PS 44.0 47.0 Low 173.73 1.000 173.7300 1400.00e 8,592 
Packaging 
14 HOT PS 22 18 Low 13.88 1.000 13.88 55.52 3453 – 4051  
a Includes all latent heat, b 15 identical units, c 11 identical units, d 28 identical units. 
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Table 5. 5: List of filtered utility streams. 
Utility Streams 
Stream 
number 
Stream 
type I 
Stream type II 
Supply 
temperature 
(°C) 
Target 
temperature 
(°C) 
Stream grade 
Mass 
flowrate  
(kgs-1) 
Heat 
capacity 
(Jkg-1°C-1) 
Heat capacity 
flowrate, CP 
(Js-1°C) 
ΔH 
(kWh) 
Operating run 
hours range (hrs) 
Effluent Treatment Plant  
1 HOT U – C  90.0 80.0 Medium 1.670 4.181 6.9800 70.00 8,592 
2 HOT U – W  30 10* Low 2.850 4.181 11.92 238 8,592 
Compressor House 
3 HOT U – W  40.0 25.0  Low 10.000 1.000 6.0000 150.00 8,592 
Boiler 
4 COLD U – H  15.0 90.0 Low – Medium 0.345 4.181 1.4420 108.00 8,592 
5.1 COLD U – H  90 100 Medium – High  1.13 4.181 4.7245 47.24 8,592 
5.2 COLD U – H  100 100 Medium – High  1.13 - - 2,381a 8,592 
5.3 COLD U – H  100 151.85 Medium – High  1.13 4.27 4.8251 250.18 8,592 
Refrigeration 
6 HOT U – R  75 32 Medium – Low 0.851 3.250 2.766 119 8,592 
7 HOT U – R 32 32 Low 0.851 - - 1165a 8,592 
a Includes all latent heat. 
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5.4.3. Results of Preliminary Analysis (Stage 2) 
The results of the application of the decision making procedure to select process or utility 
heat integration are shown in Tables 5.6 and 5.7. The suggested route to reduce complexity 
and increase operational flexibility is via process heat integration. This is because the case site 
is a simple factory manufacturing only one product group where the production equipment 
are not expected to change in the near future. For complex factories, the suggested route 
would be for utility heat integration as it offers higher flexibility and provides a simpler heat 
exchanger network to redesign. The application of the decision making procedure to select 
process or utility heat integration has provided an indication whether to pursue process or 
utility heat integration which has not been covered in the literature. 
Table 5. 6: The descriptive answers to the questions related to the complexity of a factory to choose between 
process and utility heat integration. 
Question Answer 
1. Are there many production areas? No, there are only 2 production areas. 
2. What is the length of the production line chain? The production line chain varies from 10 – 
20 discrete units. 
3. Are there many product groups? No, there are only one main product group 
that is sugar-based products. 
4. Are there many utility systems? No, there are 4 utility systems. 
Suggested route Process heat integration 
 
Table 5. 7: The descriptive answers to the questions related to the flexibility of a factory to choose between 
process and utility heat integration. 
Question Answer 
1. Are you planning to install new production lines or 
modify existing lines in the near future? 
No. 
2. What is the mode of operation? Semi-continuous operation as production and 
packaging are not connected by continuous 
streams. 
Suggested route Process heat integration 
The results of the graded process streams into batches both without and with heat pump 
integration of the low grade hot streams are shown in Tables 5.8 and 5.9. The impact of HPs 
between Tables 5.8 and 5.9 shows how an additional 12.07 – 12.23% of heat can be upgraded 
to medium grade of 85°C. This is a significant amount and shows the high potential HPs offers 
to enhance the energy efficiency of the factory. In addition, the potential heat upgraded by 
Page 122 of 320 
 
HPs can increase depending on the heat pump design and the waste heat recovered from the 
utility system. Overall, the graded process streams with heat pump interventions have the 
largest potential to reduce energy by 15.39 – 16.13% (all the medium grade hot streams 
including those upgraded by heat pump can potentially be matched with the low grade cold 
streams in Table 5.9) with the scope to increase further based on the heat pump design. In 
comparison, conventional heat integration by direct and/or indirect heat exchange only has 
the potential to reduce energy by 3.32 – 3.90% (all the medium grade hot streams can 
potentially be matched with the low grade cold streams in Table 5.8) a when HPs are not 
considered. Therefore, only the streams list with heat pump interventions is pursued for 
further detailed design as the factory energy reduction from conventional heat exchange is 
less than 5%. 
Table 5. 8: Factory level data of hot and low grade process streams and potential factory energy reductions. 
 
  
Table 5. 9: Factory level data of hot and low grade process streams modified by technological interventions 
and potential factory energy reductions. 
 
5.4.4. Results of Intra-zonal Integration (Stage 3) 
The streams list in Table 5.4 shows that only Production Zone A and Production Zone B can 
be investigated further as they contain a mixture of hot and cold streams that can potentially 
be matched. For the Packaging Zone, there is only one stream which can be pursued for heat 
integration from the Inter-zonal analysis exploring potential heat integration from different 
zones across the factory. 
Streams grade 
Hot streams Cold streams 
Min factory energy 
reduction (%) 
Max factory energy 
reduction (%) 
Number of 
hot streams 
Total heat 
duty (kWh)  
Number of cold 
streams 
Total heat 
duty (kWh)  
- Low grade streams 2 334.52 2 1,950.00 9.05% 9.17% 
- Medium grade streams 4 275.26 4 133.16 3.32% 3.90% 
- High grade streams 0 0 0 0 0 0 
Streams grade 
Hot streams Cold streams 
Min factory energy 
reduction (%) 
Max factory energy 
reduction (%) 
Number of 
hot streams 
Total heat 
duty (kWh)  
Number of cold 
streams 
Total heat 
duty (kWh)  
- Low grade streams 0 0 2 1,950.00 0 0 
- heat pump Medium grade 
streams 
2 446.03 n/a n/a 
12.07% 12.23% 
- Medium grade streams 4 275.02 4 98.56 3.32% 3.90% 
- High grade streams 0 0 0 0 0 0 
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The results for Production Zone B, comprising 1 hot and 2 cold streams (cf. Table 5.4), are 
shown here and followed through for the rest of the case study to illustrate the process of 
applying the framework and heat pump intervention. The analysis begins by generating a 
Grand Composite Curve (Figure 5.6) using a tool (Umbach, 2010) based on the Problem Table 
Algorithm (PTA) developed by Linnhoff and Flower (1978).  The temperature plotted in Figure 
5.6 is the shifted temperature and not the actual temperature. Hot streams are represented 
colder and cold streams hotter than they are in practice. Thus, an allowance for ∆Tmin is built 
into the GCC allowing heat exchange between shifted GCC (Smith, 2010).  
Based on the Grand Composite Curve (GCC) with a ∆Tmin of 5°C, the heat pump can be targeted 
and designed. In Figure 5.6, the low-grade heat is capable of being upgraded across the Pinch 
by a heat pump device to a temperature that is higher than the final cold stream temperature 
of 47°C. The total heat that can be potentially recovered from the low-grade heat is 279 kWh 
which can partially heat either of the two cold streams.  
 
Figure 5. 6: Grand Composite curve for Production Zone B showing exchange for a heat pump and hot utility. 
To determine which cold stream is suitable to be matched with the low-grade heat, a grid 
diagram can be created based on real temperatures, shown in Figure 5.7. The real 
temperature is used rather than the shifted temperature because the shifted temperature is 
a concept only applicable in the creation of composite curves (CC) and grand composite 
curves (GCC) based on the Problem Table Algorithm (PTA). The key benefit of generating GCC 
by the PTA is that it allows a computer based method to handle a large number of streams, 
as can be found in the food industry. 
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Figure 5. 7: Grid diagram for Production Zone B after heat pump application. 
 
The streams that can be matched within a zone are further analysed based on their possibility 
to compromise product material quality. Since the proposed solution is heat pump-based the 
major material quality compromise arises from the working fluid of the heat pump. In the 
food industry, the common practice is to transfer heat generated from a working fluid (such 
as ammonia) by a secondary Heat Transfer Fluid (HTF) that is food safe e.g. propylene glycol 
(DOW, 2001). As such, the resulting solution is an indirect heat exchange which can be 
complex as it comprises of multiple interconnected heat exchangers with cascaded 
temperatures. 
For the case example, stream 11 is upgraded to provide heating for stream 12 only. This is 
because stream 11 can recover more than 50% of the heating requirement for stream 12. A 
range of heat pump configurations can be explored to determine the maximum heat 
discharge to the heat sink, the COP and power input to the compressor. However, a balanced 
decision needs to be made across these three criteria as the maximum heat discharge to the 
heat sink will determine the heating requirement and the COP will determine if the heat pump 
configuration is competitive with a steam generation combustion boiler.  
For the working fluid of the heat pump, many industries are moving towards natural working 
fluids that have low Global Warming Potential (GWP). As such, three working fluids are 
explored; ammonia (R717), isobutane (R600a), and propane (R290). The working fluids were 
chosen because their thermophysical properties allow different heat discharge at the desired 
temperature and COPs. Based on the work by Miah et al (2014), a ∆Tmin = 5°C is selected as it 
was found to generate high heat recovery and reasonable payback periods. Therefore, to 
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provide heating for cold stream 12 from 44°C to 47°C at the condenser, the minimum 
temperatures of the propylene glycol are: Tf, PG = 52°C; Ti, PG = 57°C. As such, the minimum 
temperatures of the working fluid are: Tf,WF = 62°C; Ti,WF = 67°C. Similarly, the requirement for 
the evaporator is to cool the low grade heat (stream 11) from 21°C to 18°C with the minimum 
temperatures of the propylene glycol as: Tf, PG = 13°C; Ti, PG = 8°C. Therefore, the minimum 
temperatures of the working fluid are: Tf,WF = 3°C; Ti,WF = -2°C. Furthermore, in order for the 
heat pump to generate a temperature of 67°C the saturated liquid temperature into the 
compressor is raised by multi-stage compressors (compressor unit) each with a max 
temperature lift of 25°C. The temperature changes are as follows: compressor 1 goes from 
3°C to 28°C; compressor 2 goes from 28°C to 53°C; compressor 3 goes from 53°C to 67°C. The 
power input to the compressors will provide an indication whether the overall energy 
recovered is economically viable. Overall, the thermophysical changes for an Ammonia-based 
heat pump is are shown in Figure B1.1 with multi-stage compressors in Appendix B. 
The summary of the results based on the aforementioned analysis is shown in Table 5.10 for 
different working fluids. 
Table 5. 10: Summary of heat pump configuration comparison for different working fluids. 
Information category Ammonia (R717) Isobutane (R600a) Propane (R290) 
Heat discharge at condenser (kWhth) 314 406 360 
Power input to compressor (kWhe) 111.52 141.12 114.21 
COP 2.81 2.88 3.15 
The process to select a heat pump configuration from Table 5.10 is to apply the ‘heat pump 
Thresholds’. For the case site, the steam cost is £25 and the price of electricity is 10p/kWhe. 
Therefore, any heat pump configuration that is below the £25 steam cost line can be 
considered as economically beneficial on an operational basis. For the ammonia and 
isobutane configuration, the COP is above the steam cost line at £25 and cannot be 
considered. As such, only the Propane configuration is further analysed to determine the 
trade-off between heat recovery, energy savings and capital cost, shown in Table 5.11. 
Table 5. 11: Comparison of energy savings, capital cost and pay back for heat pump configurations. 
Heat pump 
system 
Min energy 
reduction (%)  
Max energy 
reduction (%)  
Total 
capital 
cost (£) 
Min annual 
cost saved 
(£) 
Max annual 
cost saved 
(£) 
Short payback 
period (years) 
Long payback 
period (years) 
Propane 11.63% 11.63% £592,089 £128,973 £128,973 4.59 4.59 
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From Table 5.11, it can be seen that the proposed heat pump system based on a propane 
refrigerant can generate a considerable energy reduction of 10.82%. However, the capital 
cost is high with a long payback period. As such, further optimisation of the heat pump system 
is required to reduce costs. Overall, the proposed solution for Production Zone B is shown in 
Figure 5.8.   
 
 
Figure 5. 8: Proposed heat pump solution for Production Zone B. 
For Production Zone A, the application of the process illustrated with Production Zone B has 
resulted in two direct heat exchange options and a group of indirect heat exchange 
comprising of several streams integrated together by indirect heat exchange. For the two 
direct heat exchange this consists of a partial heat recovery of 13.66kWh between stream 6 
and 1 and a partial heat recovery of 16.76kWh between stream 8 and 2. For the group indirect 
heat exchange, this consists of a full heat recovery of 116.4 kWh between streams 7 and 9 
with 3, 4, 5 and 6, respectively. The proposed heat exchange schematic for the group indirect 
heat exchange option is shown in Figure 5.9. The group indirect heat exchange was selected 
because the streams were subject to product quality compromise from direct heat exchange. 
The application of HPs was not possible as there was no low grade heat. The final results for 
stage 2 are shown in Table 5.16.  
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Figure 5. 9: Proposed group indirect heat exchange schematic in Production Zone A. 
5.4.5. Results of Inter-zonal Integration (Stage 4) 
For the Inter-zonal analysis, the two process streams left after the Intra-zonal analysis and the 
two waste heat streams identified from the utility systems in Stage 1 are considered, shown 
in Table 5.12.
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Table 5. 12: List of streams for inter-zonal analysis. 
Stream 
number 
Stream 
type I 
Stream 
type II 
Supply 
temperature 
(°C) 
Target 
temperature 
(°C) 
Stream 
grade 
Mass flowrate  
(kgs-1) 
Heat capacity 
(Jkg-1°C-1) 
Heat capacity 
flowrate, CP 
(Js-1°C) 
ΔH 
(kWh) 
Operating run hours 
range (hrs) 
Production B 
13 COLD PS 44.0 47.0 Low 173.73 1.000 173.7300 1400.00e 8,592 
Packaging 
14 HOT PS 22 18 Low 13.88 1.000 13.88 55.52 3453 – 4051  
Effluent Treatment Plant  
2 HOT U – W  30 10* Low 2.850 4.181 11.92 238 8,592 
Compressor House 
3 HOT U – W  40.0 25.0  Low 10.000 1.000 6.0000 150.00 8,592 
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For the list of streams in Table 5.12, it is clear that heat pump technology can be integrated 
since all the hot streams are below the temperature range for the one cold stream. As such, 
similar to the intra-zonal analysis, a Grand Composite Curve (Figure 5.11) is created to target 
and design the heat pump based on a ∆Tmin of 5°C (x-axis is in kWh and y-axis is in °C). In 
Figure 5.10, the low-grade heat is capable of being upgraded across the Pinch by a heat pump 
device to a temperature that is higher than the final cold stream temperature of 47°C. The 
total heat that can be potentially recovered from the low-grade heat is 443.52 kWh which can 
partially heat either of the two cold streams subject to further analysis. To determine which 
cold stream is suitable to be matched with the low grade heat a grid diagram can be created, 
shown in Figure 5.11.  
 
Figure 5. 10: Grand Composite curve for inter-zonal streams showing exchange for a heat pump and hot utility. 
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Figure 5. 11: Grid diagram for Production Zone B after heat pump application. 
Furthermore, since the streams are located in various parts of the factory the option of direct 
and indirect heat exchange is evaluated. This includes stream 13 in Production Zone B, stream 
14 in Packaging Zone, stream 2 in the Effluent Treatment Plant Zone, and stream 3 in the 
Compressor House Zone. The process to integrate the streams from the different zones is to 
first determine the zone availability and geographic proximity. The zone availability will 
determine the availability of streams that operate within the same operation time window. 
The geographic proximity will provide an indication whether direct or indirect heat exchange 
should be pursued. For Production Zone B and Packaging Zone the zone availability based on 
production cycles was 96%. For the Effluent Treatment Plant Zone and Compressor House 
Zone this was 100%. For the geographic proximity, this was minimal for the Production Zone 
B and Packaging Zone as the zones were next to each other physically. However, the 
Compressor House Zone is located 80m from Production Zone B and the Effluent Treatment 
Plant Zone is located 150m from Production Zone B. Overall, based on zone availability, there 
is a high potential for high grade heat recovery by direct heat exchange. However, due to the 
geographic proximity and nature of streams there is potential for material quality 
compromise. Therefore, an indirect heat exchange is proposed. 
For the heat pump type, the same three working fluids chosen in the intra-zonal analysis. 
Based on a ∆Tmin = 5°C, the minimum temperature cascade for the HPs systems is shown in 
Table B1.1 in Appendix B. The summary of the different working fluids performance outputs 
is shown in Table 5.13.
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Table 5.13: Summary of heat pump configuration comparison for different working fluids. 
Stream 14  2 3 
heat pump fluid Ammonia 
(R717) 
Isobutane 
(R600a) 
Propane 
(R290) 
Ammonia 
(R717) 
Isobutane 
(R600a) 
Propane 
(R290) 
Ammonia 
(R717) 
Isobutane 
(R600a) 
Propane 
(R290) 
Heat discharge at condenser (kWhth) 62 81 72 267 369 295 168 218 184 
Power input to compressor (kWhe) 22.19 28.08 22.73 92.29 146.01 82.64 56.74 75.87 41.67 
COP 2.81 2.88 3.15 2.89 2.53 3.57 2.95 2.88 4.41 
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The process to select a heat pump configuration from Table B1.1 in Appendix B is the same 
as the method shown for intra-zonal analysis. As such, across all three working fluids, only the 
propane configuration is below the ‘heat pump Threshold’. Therefore, the Propane 
configuration is further analysed to determine the trade-off between heat recovery, energy 
savings and capital cost, shown in Table 5.14. 
Table 5. 14: Comparison of energy savings, capital cost and pay back for heat pump configurations. 
Heat pump 
system 
Min energy 
reduction (%)  
Max energy 
reduction (%)  
Total capital 
cost (£) 
Min annual 
cost saved (£) 
Max annual 
cost saved (£) 
Short payback 
period (years) 
Long payback 
period (years) 
Propane 15.26% 15.41% £1,040,210 £78,116 £79,703 13.05 13.32 
 
From Table 5.14, it can be seen that the proposed heat pump system based on a propane 
working fluid can generate a considerable energy reduction of approx. 15.5%. However, the 
capital cost is high with an exceptionally long payback period. The proposed solution requires  
three interconnected HPs, three multi-stage compressor units, two 100m3 HTF tanks, and 
twenty heat exchangers. Some additional contributing factors to economic costs also includes 
the steam and electricity costs and temperature difference between propylene glycol and the 
heat source. As such, further optimisation of the heat pump system is required to reduce 
costs. Overall, the proposed solution for inter-zonal analysis is shown in Figure 5.12.   
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Figure 5. 12: Proposed inter-zonal heat pump system. 
The final results of the Intra-zonal and Inter-zonal analysis are shown in Table 5.15. In total, 
there are five options capable of delivering a factory energy reduction of 28.73% - 29.20%. 
This includes three options developed during the Intra-zonal analysis and one during Inter-
zonal analysis. The total cost of investment is £1,633,277 with an economic payback period 
between 6.40 – 6.62 years. The capital cost was calculated based on the heat exchanger and 
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compressor costs found in Linnhoff et al (1982) and Sadhukhan et al (2014). However, due to 
the variation of capital costs over time, an empirical formula for the cost index and economies 
of scale (Sadhukhan et al, 2014) were utilised to ensure capital costs were representative of 
current prices.  
Table 5.15: Final output of all opportunities proposed. 
Options 
Min energy 
reduction (%)  
Max energy 
reduction (%)  
Total capital 
cost (£) 
Min annual 
cost saved (£) 
Max annual 
cost saved (£) 
Short payback 
period (years) 
Long payback 
period (years) 
Option 1a 11.63% 11.63% £592,089 £128,973 £128,973 4.59 4.59 
Option 2b 0.16% 0.19% £1,170 £2,014 £2,364 0.58 0.58 
Option 3c 0.20% 0.24% £1,432 £2,466 £2,893 0.50 0.58 
Option 4d 1.47% 1.72% £61,973 £35,102 £41,182 1.50 1.77 
Option 5e 15.26% 15.41% £1,040,210 £78,116 £79,703 13.05 13.32 
Total 28.73% 29.20% £1,696,874 £246,671 £255,114 6.65  6.88  
a = Indirect heat exchange with heat pump for Production Zone B from Intra-zonal analysis. 
b = Direct heat exchange for Production Zone A from Intra-zonal analysis. 
c = Direct heat exchange for Production Zone A from Intra-zonal analysis. 
d = Group indirect heat exchange for Production Zone A from Intra-zonal analysis. 
e = Indirect heat exchange with heat pump from Inter-zonal analysis for Production Zone B, Packaging Zone, Effluent 
Treatment Plant Zone, and Compressor House Zone.   
 
5.5. Discussion 
A novel and effective heat integration framework incorporating technological interventions 
has been presented for both simple and complex factories to evaluate all possible heat 
integration opportunities including low grade and waste heat. The key features that advance 
the framework developed by Miah et al (2014) and previous heat pump integration 
approaches (Oluleye et al, 2016, Kwak et al, 2014, Becker et al, 2012) are; (1) the role of HPs 
within a comprehensive heat integration framework; (2) the selection process of heat pump 
designs which was aided by the development of ‘heat pump Thresholds’ to decide if heat 
pump designs are cost-competitive with steam generation combustion boiler; (3) a decision 
making procedure to select process or utility heat integration in complex and diverse 
factories; and  (4) additional stream classifications to identify streams that can be practically 
integrated. These new features combined in an integrated framework provides a new way of 
thinking about how to pursue heat integration with the consideration of capturing low grade 
heat by heat pump intervention. 
The heat integration framework was applied at a modified confectionery factory in the UK to 
demonstrate the effectiveness of the whole framework. It was found during the preliminary 
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analysis that the application of HPs could potentially reduce the factory energy by 15.39 – 
16.13% based on a COP of 3. The energy reduction was subject to increase further during the 
detailed investigation based on the heat pump design and the recovery of waste heat from 
the utility systems. In comparison, conventional heat integration by direct and/or indirect 
heat exchange only showed the potential to reduce energy by 3.32 – 3.90% when HPs are not 
considered. In total, there were five options developed which were capable of delivering a 
factory energy reduction of 28.73% - 29.20% where the total cost of investment is £1,696,874 
resulting in an economic payback period between 6.65 – 6.88 years. This includes four options 
developed during the Intra-zonal analysis and one during Inter-zonal analysis, of which 60% 
is by indirect heat integration and 40% by direct heat integration. The two options that 
provided the largest energy reduction of 27.04% were heat pump based; Options 1 and 5. 
However, both heat pump options have significantly long economic payback period ranging 
from 4.59 years to 13.32 years. This can be attributed to the multiple compressor units and 
heat exchangers connected via indirect heat integration schemes. The long payback period 
will not be acceptable to most companies and represents one of the factors why HPs are not 
widely utilised (Walsh and Thronley, 2012). With the grouped options the overall payback 
period reduces to between 6.65 – 6.88 years. As such, for HPs to be considered as part of 
improving the energy efficiency of factories they may need to be grouped together with a 
range of energy efficiency projects.    
In addition, another mechanism to reduce the costs of HPs and encourage wider deployment 
is to subsidise heat pump technology. For example, the UK government provides a financial 
payment (Renewable Heat Incentive) (IRENA, 2013) for the installation of certain designs of 
HPs regarded as a form of renewable energy e.g. air and ground source HPs. However, if such 
an incentive was applied to heat pump technology for recovering waste heat, the payback 
can be considerably reduced. For example, a 3p/kWth payment on Option 5 brings the payback 
period below 5 years.  
The range of options developed from the case site also highlights the complexity of projects 
needed to further advance energy efficiency. For example, there are two direct heat exchange 
scheme, one indirect and two heat pump based schemes. One of the heat pump schemes 
contains three heat pump systems interconnected by hot and cold HTF tanks. As such, the 
general direction to recover energy and advance energy efficiency towards its maximum can 
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be seen to be of increasing complexity. This is because many companies who have embarked 
on energy efficiency programmes have implemented the simple – ‘low hanging fruit’ – 
solutions (Miah et al, 2015a). The new reality is that companies will have to explore problems 
requiring a much strategic outlook by thinking broader and more in-depth to understand the 
interconnections and overall impact to reduce energy efficiency. This could involve the 
restructuring of production areas and the associated production lines to redesign inasmuch 
the thermodynamic profile that is energy efficient, the impact of operational changes such as 
production volume changes, and the role operators play in operating the equipment correctly 
to company standards which can be shaped by industry best practice and first principles. 
A key feature of the framework is the decision making procedure to select process or utility 
heat integration in complex and diverse factories. This is a problem for industrial practitioners 
trying to determine how to arrive at process or utility heat integration. The preliminary 
assessment of the confectionery factory showed that the advisable heat integration route for 
the factory was for process streams, shown in Tables 5.6 and 5.7. This was due to the physical 
scale of the factory, the low diversity of product range and the semi-continuous operation. 
The process outlined is unique to distinguish from process or utility heat integration as 
conventional approaches have separated both system domains to start either at process or 
utility (Kapustenko et al, 2008, Townsend and Linnhoff, 1983).  
Another feature is the stream classifications to identify streams that can be practically 
integrated. The results of the process zoning and data extraction in stage 1 identified 14 
process streams and 7 utility streams to be considered, shown in Tables 5.4 and 5.5. Much 
care was taken to classify streams and how they may be linked through the proposed streams 
classifications, especially on waste heat. This was because waste heat could be integrated 
across from process to utility or vice versa. It was found that the utility streams had a total 
waste heat of 388 kWh representing a factory energy reduction of 11.66% if it was recovered. 
As the waste heat was classified as low grade heat it was subject to heat pump intervention 
that was able to raise the heat discharge to 479 kWh. The waste heat figures are in the range 
of what can be found in the food industry (Klemes et al, 2008). In comparison, the process 
streams had no waste heat. The waste heat was considered for recovery in the Inter-zonal 
analysis as this involved heat integration across the factory. The final heat exchange 
schematic proposed is based on three heat pump systems interconnected by one 100m3 hot 
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and cold HTF tanks that store and distribute the heat. The heat pump design is based on a 
propane system that has a COP range between 3.15 – 4.41 and capable of discharging a total 
of 551 kWh to the heat sink, stream 13.  However, the total cost of investment is £1,040,210 
resulting in a payback period of 13.05 – 13.32 years. Despite this, the impact of HPs in 
upgrading heat and contributing to energy efficiency is high as Option 5 was capable of 
delivering a 15.26% – 15.41% factory energy reduction by recovering low grade and waste 
heat. 
The development of ‘heat pump Thresholds’ have played a critical role in the design and 
selection of heat pump systems, shown in Table 5.13 for Option 5. This is because different 
heat pump configurations based on a range of working fluids have different performances 
across a range of parameters including; the heat discharged to the heat sink, operating 
pressure, power input to the compressor and COP. Prior to this, there have been no previous 
attempts to select different heat pump configurations for heat integration (Kwak et al, 2014). 
For example, in Table 5.13 the Isobutane system has the highest heat discharge but the 
second highest COP. In comparison, the most efficient system in terms of COP was propane 
but has the second highest heat discharged at the condenser. As such, the heat pump systems 
was analysed further and found that the propane system in Table 5.13 was the most 
promising configuration primarily in terms of COP and secondary to the heat discharged at 
the condenser. Despite the decision, for the heat pump configurations that had a low 
discharge heat or a high COP they could be considered if electricity prices was not a primary 
concern but to maximise energy efficiency. This could be achieved if a factory was able to 
generate its own electricity on-site from renewable energy which can stabilise, if not lower 
the electricity prices compared to fluctuating market prices.  
Finally, in addition to heat pump intervention, there are a range of other technological 
interventions that may be considered in the future to further enhance energy efficiency. One 
such technology is the Organic Rankine Cycle (ORC) which converts high grade heat into 
electricity. However, the major limitation of ORCs is that they have low efficiencies and 
require high heat loads with long run hours. This was not found at the case site. Despite this, 
there are commercial ORCs and experimental ORCs that may find its place in contributing to 
further advance the energy efficiency of factories in the future (Quoillin et al, 2013). 
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5.6. Conclusions 
A novel and effective heat integration framework incorporating technological interventions 
has been presented for both simple and complex factories to evaluate all possible heat 
integration opportunities including low grade and waste heat. The key features of the 
framework include a decision making procedure to select process or utility heat integration 
in complex and diverse factories, additional stream classifications to identify streams that can 
be practically integrated and the consideration of heat pump interventions to further enhance 
energy efficiency based on ‘heat pump Thresholds’.  
The framework was effectively demonstrated at a modified confectionery factory. The final 
results comprised five options capable of delivering an average factory energy reduction of 
29%. This includes four options developed during the Intra-zonal analysis and one during 
Inter-zonal analysis. The total cost of investment has an economic payback period around 6.6 
years. Despite the long payback period, the role of HPs combined with an integrated search 
by direct and indirect heat exchange from zonal to factory level can provide the maximum 
heat recovery. The framework has the potential to be applied across the process 
manufacturing community because low grade heat and product quality compromise can be a 
common issue in other sectors such as the chemical and pharmaceuticals industries. 
Overall, the proposed heat integration framework, illustrated through a particular application 
in the confectionery industry, makes several contributions to knowledge: 
(1) Heat recovery solutions based on heat pump technology improves the potential of 
heat recovery, but can create a high level of complexity, especially for systems 
exchanging heat indirectly via HTF tanks across zones; 
(2) ‘heat pump thresholds’ can be used to compare and identify heat pump systems which 
are economically competitive with steam generation on an operational basis; 
(3) Stream classifications to separate and identify waste streams from process and 
utility streams; 
(4) A decision making procedure is proposed to select process or utility heat integration 
in complex and diverse factories, which addresses a major practical problem that has 
not been extensively covered in the literature.; and  
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(5) heat pump technology can generate considerable energy reductions but has long 
economic payback periods, which however could be effectively reduced by financial 
incentives. 
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Chapter 6: Confectionery Supply Chain Data: A 
Methodology for Increasing Life Cycle Inventory Data 
based on the Role of Multinational Companies 
6.1. Introduction 
This chapter presents a novel LCI data collection process based on the role of a multinational 
food company (Case Company) to create new LCI data for confectionery products (Miah et al, 
2017a). It starts by presenting an overview of the literature of LCI data collection strategies in 
Section 6.2.  Next, a description of the proposed LCI methodology is presented in Section 6.3. 
An application of the methodology for confectionery products is presented in Section 6.4. A 
discussion of the case study is presented in Section 6.5. Lastly, conclusions are provided in 
Section 6.6. 
6.2. Literature Review 
6.2.1. Overview of LCI data Collection Processes 
From the early days of LCA over 40 years ago, the availability of Life Cycle Inventory (LCI) data 
has been a continuing major problem – a bottleneck – for the wide application of LCA (Testa 
et al, 2016, Ang et al, 2014, Finnveden et al, 2009, Pennington et al, 2007). For example, the 
confectionery industry currently has limited LCI data in order to analyse environmental life 
cycle impacts of confectionery products. Overall, it is estimated that 70 – 80% of the time and 
cost involved in a LCA are related to data collection in the inventory phase by an organisation, 
especially for complex products that have several components and where the upstream and 
downstream supply chain structures are even more complex involving many actors (Testa et 
al, 2016, Ang et al, 2014, Berkhout and Howes, 1997).  
 
Since the advent of LCA, there are many published LCA studies where data collection is 
reported as a background activity (Resta et al, 2016, Meinrenken et al, 2014, Mila i Canals et 
al, 2011, Rebitzer and Buxmann, 2005). The collection of data falls into two types; primary 
data and secondary data. Primary data are defined as “directly measured or collected data 
representative of activities at a specific facility or set of facilities” (European Commission, 
2013). For example, emissions/consumptions directly related to a specific process (Kim et al, 
2015, Kellens et al, 2011), otherwise known as process LCI (Islam et al, 2016, Suh and Huppes, 
2005). Primary data tends to be highly specific and accurate. A variety of techniques can be 
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used to collect primary data such as invoice bills, metered data, questionnaires, interviews, 
and site visits (UNEP, 2011b, BSI, 2011, European Commission, 2010, EPA; 1993, 1995, 1997). 
Once primary data is collected, the data is transformed into LCI for a range of environmental 
impact such as Global Warming Potenital (GWP), Ozone depletion, and Acidification (Bare, 
2011, Goedkoop et al, 2009, IPCC, 2006, Guinee et al, 2002). 
 
In comparison, secondary data are defined as “data that is not directly collected, measured, 
or estimated, but rather sourced from a third-party life-cycle-inventory database” (European 
Commission, 2013). This can also include data from publications and reports. However, 
secondary data tends to be less specific and highly aggregated. S 
ome of the major LCI databases (DB) include Ecoinvent DB (Ecoinvent, 2016), US LCI DB (NREL, 
2014), World Food LCA DB (WFLDB) (Quantis, 2015), and Plastics Europe DB (PlasticsEurope, 
2015). For both primary and secondary data, there are guidelines available to ensure 
completeness, quality, and transparency (Weidema et al, 2013, PEF World Forum, 2013, 
UNEP, 2011b). Overall, for many LCAs, the common strategy for data collection is to collect 
the highest proportion of data from primary data sources which is carried out by an LCA 
practitioner. However, a considerable amount of time and cost is required by an LCA 
practitioner to physically collect primary data, rationalise and interpret LCI data as defined by 
the goal and scope of the LCA study (Testa et al, 2016, Jolliet et al, 2015, Ang et al, 2014). 
 
In an effort to reduce cost and time of data collection, several approaches have been 
developed that streamline and simplify LCA methodology (Scanlon et al, 2013, Ning et al, 
2013, Dowson et al, 2012) including: reduction in LCA stages e.g. gate-to-gate (factory) 
(Jimenez-Gonzalez et al., 2000), meta-product-based accounting (Milà i Canals et al, 2011), 
single impact categories e.g. carbon dioxide or freshwater consumption (Stoessel et al, 2012), 
cut-off rules e.g. 95% data coverage (Almeida et al, 2015), substitution of similar data (Dong 
et al, 2015), and simplification of the whole supply chain are considered (Roches et al, 2010). 
However, despite these efforts, the availability of LCI data continues to be a consistent 
problem found in many LCA studies (Resta et al, 2016, Meinrenken et al, 2014, Mila i Canals, 
2011).  
 
Over the past twenty years, the primary and secondary data collected have been used to 
develop and populate LCI DBs dedicated at the national level e.g. the US LCI (NREL, 2014), 
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Australian LCI (ALCAS, 2011), Quebec LCI (Lesage and Samson, 2013) and also at the sectorial 
level e.g. WFLDB (Quantis, 2015), Plastics Europe DB (PlasticsEurope, 2015), and for 
agricultural products such as AgriBalyse DB in France (Koch and Salou, 2013, Colomb et al, 
2015), or Agrifootprint DB in the Netherlands (Agri-footprint, 2015). However, current LCI DBs 
are limited in available data that is current and of high quality. In addition, another aspect 
which is rarely discussed is the major gaps from the information in the public domain and 
available LCI datasets given the considerable rise in environmental reporting by companies 
across the full supply chain (Corporate Register, 2017). Although such information may not 
be suitable as LCI data, what they do demonstrate is the potential available data and actors 
that can be harnessed to provide suitable data for LCA applications. 
 
Traditionally, the central vehicle to collect and compile LCI has been by consultants (Ecodesk, 
2015). However, the effectiveness of consultants to facilitate data exchange is limited as 
shown by the availability of data in current LCI DBs. As such, alternative strategies have 
emerged which involve single or multiple-actors to catalyse participation and encourage 
cooperation across the supply chain to increase data availability, shown in Figure 6.1. 
 
Figure 6. 1: Different types of actors that can play a role to collect LCI data. 
Due to the involvement of different actors, a range of different strategies has been developed 
to facilitate and collect LCI. For example, web-based systems (Ramos et al, 2016, BONSAI, 
2016, Recchioni et al, 2015, Mistry et al, 2015, Bellon-Maurel et al, 2014), trade 
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bodies/industry associations (Jungbluth et al, 2016, Popp et al, 2013, Finkbeiner et al, 2003, 
Pomper, 1998) and consultants (Credit 360, 2015, Ecodesk, 2015). However, the collection of 
data by these routes requires the strong involvement of actors across the whole supply chain 
where the main strategy and implementation process in terms of collecting data and data 
quality checks has been on a voluntary basis, promoted and instigated at a top-level by a third 
party e.g. research institutes, universities, governments, industry associations and 
consultants (Recchioni et al, 2015, Skone and Curran, 2005). Even so, the ability of a third 
party to effectively engage and therefore collect data in a reasonable and practical timeframe 
with actors across the supply chain will be limited as they will not have full knowledge of the 
supply chain or the limitations of internal processes adopted by actors across that chain 
(Lesage and Samson, 2013). 
Another strategy that has received little attention is a company-led approach, especially from 
the perspective of powerful and influential actors such as manufacturing and retail companies 
(Meinrenken et al, 2014, Mila i Canals, 2011). Such a strategy has high potential to collect LCI 
data as this corresponds with CSR activities across the supply chain (Cargill, 2017, KraftHeinz, 
2016, PepsiCo, 2015). In particular, for those companies who have embarked on sustainability 
improvements are now looking outwards of their direct operations across the life cycle of a 
product by aspiring to adopt a ‘supply chain leadership’ role to encourage sustainable supply 
chains (Ansari and Kant, 2017, Gosling et al, 2016, Esfahbodi et al, 2016). However, there is 
currently no LCI data collection process that utilises the resources of a multinational company. 
6.2.2. Summary of Gaps in Knowledge  
The literature review on LCI data collection processes has identified a major gap on the 
collection of LCI based on the role of multinational companies. This is an important, and 
perhaps surprising, gap in the literature as due to the integration of manufacturing and retail 
companies within supply chains, they offer the opportunities to engage, initiate, collect, 
influence and manage LCI data directly through actors across the supply chain. As such, a 
hypothesis is that a company-led approach to data collection can provide an effective means 
to collect data. However, there are several research questions:  
(1) What is the timeframe to collect inlet/outlet flow data and can it be accelerated? 
(2) How much data should be collected and are their limitations on quality?  
(3) What are the effective tools to collect data? 
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(4) Who are the key actors in the supply chain and how to identify them?  
(5) How effective is a company acting as the facilitator for data exchange? 
(6) What are the motivations for data exchange?  
(7) What are the challenges of collecting LCI data? 
(8) Can the collection of inlet/outlet flow data be standardised? 
(9) What is the resource required to collect inlet/outlet flow data? 
(10) What are the quality controls required to ensure robust datasets? 
(11) What company initiatives are recommended to promote an efficient LCI data 
collection? 
In the proceeding chapters, the above research questions are addressed by presenting an 
original LCI methodology based on the role of a multinational company (Case Company). In 
addition, the application on confectionery supply chains has created new LCI data that can 
benefit the confectionery industry.  
6.3. Methodology 
6.3.1. Overview of Confectionery LCI Data Collection Process  
The  inventory analysis also known as life cycle inventory (LCI) is the second stage of the LCA 
methodology (ISO, 2006). A vital stage, as the quality of LCI data determines the quality of 
LCA results. However, for large scale systems there are many input and output data which can 
be missing, e.g. supply chain system of confectionary products. This is due to data 
confidentiality or even unavailable data in supply chain systems (Rebitzer et al, 2004; 
Berkhout and Howes, 1997). Presently, there is no systematic methodology for LCI analysis 
for such systems (Nemecek et al, 2014, ALCAS, 2014, UNEP, 2011b, BSI, 2011, European 
Commission, 2010). This work for the first time gives guidance and heuristics for LCI analysis 
bespoke to each life cycle stage of confectionary products by presenting a LCI data collection 
process based on the role of a multinational food company, shown in Figure 6.2. The novel 
features include: 
(1) An integrated approach from the combined features of data sources, questionnaires, 
and data quality management across the whole food supply chain. By adopting an 
integrated approach can reduce the time involved compared to individual methods.  
(2) The role of a multinational food company (e.g. Case Company), rather than a third 
party, to initiate, motivate, accelerate and manage the whole collection of 
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inlet/outlet flow data across the supply chain. This is important because food 
companies are able to extert a higher degree of power and influence to create change 
within food supply chains compared to actors further upstream. 
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Figure 6. 2: Life Cycle Inventory (LCI) data collection process. 
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The goal of the LCI data collection process is to provide an effective and efficient streamlined 
route to practically collect data – on a voluntary basis – across different environmental 
aspects such as electricity, natural gas, water and solid waste that is both specific and general 
at different stages of the product supply chain that can be used to conduct an LCA, e.g. 
environmental hotspot analysis.  
The scope of the primary data collection process includes 1st tier suppliers, factory, retailer, 
consumer and disposal. The farm level stage was not included for primary data due to the 
indirect relationship with farmers and existing Case Company initiatives such as the Cocoa 
plan (Nestlé, 2015a), Nescafe plan (Nestlé, 2015b), and contributing partner to the World 
Food LCA database (WFLDB, 2014). The integrated LCI data collection process begins at the 
food factory because food manufacturers typically carry out the design of the product, which 
sets forth the product supply chain structure both upstream and downstream. From here 
onwards, the data collection strategy branches both upstream and downstream of the 
product supply chain where the collected data is reviewed, analysed and normalised, if 
required. The final stage involves a reconciliation and aggregation of LCI datasets.  
The responsibility for the whole management and implementation (including analysis) of the 
LCI data collection process is by a single person in Case Company known as the ‘data collector 
manager’. On occasion, internal and external LCA experts are sought for advice. Overall, a 
range of people are involved throughout whose role falls into two categories: (1) data 
provider and (2) data exchange facilitator. The ‘data provider’ are people from different 
organisations across the stages of the life of a food product that provide data. The ‘data 
exchange facilitator’ are people primarily from the Case Company who have established 
relationships with data provider organisations to facilitate data exchange. From the Case 
Company’s perspective, an indicative level of resource required and expected data quality is 
provided at each life cycle stage as guidance. The different stages are explained in the 
following subsections. 
6.3.2. Description of Case Company and Food Factory 
The case company is Nestlé UK Ltd. (Case Company), a large food company in the UK and a 
subsidiary of Nestlé SA who are a global leading nutrition, health and wellness food company. 
Across the globe, the Case Company are active on addressing many sustainability issues 
related to the Sustainable Development Goals (SDG) as part of their Creating Shared Value 
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(CSV) strategy (Nestlé, 2016). For example, working with smallholder farmers through the 
Nestlé Cocoa plan (Nestlé, 2015a) and Nestlé Nescafe plan (Nestlé, 2015b), assessing and 
optimising the environmental impact of Nestlé products by LCA-based approaches (Nestlé, 
2013), and contributing to the development of environmental data across the supply chain 
such as the World Food LCA database (WFLDB, 2014). As an organisation, there is not only 
the potential but also a broad array of experience that can contribute to supply chain 
engagement and expedite data collection across the supply chain. 
In the UK, the Case Company have fourteen food factories that manufacture a range of 
products that include coffee, cereals, pet food, water, and confectionery.  The Case Factory is 
based in the North East of England that manufactures a range of confectionery products that 
are sugar, chocolate and biscuit based by utilising a diverse range of processing technologies. 
In total, there are approximately 130 Stock Keeping Units (SKUs) which are a variation of a 
brand product format e.g. single bar pack and multiple bars pack. The SKUs are sold to a range 
of customers both in the UK and across the globe (Miah et al, 2015a). The use of a case study 
in this way allows for an in-depth exploration of the supply chain, and while it is acknowledged 
that the findings are specific to that chain it can be reasonably surmised that the results are 
applicable for other multinational food companies who manufacture and sell food products 
directly to retailers. 
6.3.3. Description of the Potential Available Resource 
The potential available resource is an indication of the different people that could potentially 
be made available from the Case Company to participate in the collection of inlet/outlet flow 
data. The process to identify people is a continuing process but starts during the goal and 
scope definition, before the identification of SKUs, by developing a list/map of potential 
available resource based on recommendations from the decision-maker who commissioned 
the LCA. The decision-maker is likely to be someone in a senior position responsible for 
environmental sustainability improvements in the company.  
Following this, further people can be identified as data collection progresses. The types of 
people involved are primarily internal to the Case Company from the environment / 
sustainability department. Such people can provide further guidance and direction towards 
data providers both internal and external to the Case Company. For example, at the factory 
life cycle stage, the Case Company are directly involved with the management and operation 
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of the food factory and will have several departments where various data can be collected 
related to the environment. As such, there is a large number of people that could be 
coordinated to collect inlet/outlet flow data at the factory life cycle stage.  
In comparison to the farm level life cycle stage, the Case Company will not necessarily have a 
direct involvement with the management and operation of the farm as the Case Company 
does not own farms. Although, they do have direct suppliers, where a strong relationship is 
established, through which data collection is possible indirectly to the farmers. As such, there 
will be a low number of people that could be coordinated to collect inlet/outlet flow data at 
the farm level life cycle stage.  
Overall, the types of people involved internally to the Case Company will vary depending on 
the life cycle stage as different departments or functions will have varying knowledge based 
on their role, experience and the relationships they have with people both internally and 
externally via institutions. The degree of engagement of human resources in LCI related 
activities will vary for different food companies but a general description is provided in Table 
6.1 to distinguish between low, medium and high resources. The direct relationship refers to 
a business/professional relationship. Whereas, the indirect relationship refers to the 
business/professional relationship with an intermediary to collect data from the life cycle 
stage. 
Table 6. 1: The degree of engagement of human resources in LCI related activities. 
Human resources  Description 
Low  • No involvement in the life cycle stage. 
• Indirect relationship with life cycle stage operator via an intermediary e.g. co-operatives. 
Medium • No direct involvement in the life cycle stage management or operation. 
• A mix of direct and indirect relationships with life cycle stage operator.  
High • A direct involvement in the life cycle stage via management and/or operation 
• A range of departments actively involved in environmental issues. 
 
6.3.4. Description of Data Quality Management 
The management of data quality primarily involves the validation of data from the various life 
cycle stages to ensure data is robust, and thereby reduces the level of uncertainty in further 
analysis. A semi-quantitative assessment method known as the pedigree matrix is used which 
was originally developed by Weidema and Wesnaes (1996) and has gained traction over the 
course of twenty years to become the defacto quality assessment method for several LCI DBs 
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(Ecoinvent, 2016, NREL, 2014, ALCAS, 2011).  The pedigree matrix contains ratings for 
different data quality indicators (DQI) such as reliability (R), completeness (C), temporal 
correlation (TC), geographical correlation (GC), and technological correlation (TeC). The 
ratings for the different data quality indicators (DQI) in the pedigree matrix contains are 
assessed based on the judgement of experts, i.e. LCA practitioners, shown in Table 6.2.  
 
The final score for each DQI is then converted into a data quality score (DQS) by Equation 6.1 
and rated into high (DQS = ≤1.6), medium (DQS = >1.6 to <3) and low (DQS = >3 to ≤5) quality. 
𝐷𝑄𝑆 =
𝑅 + 𝐶 + 𝑇𝐶 + 𝐺𝐶 + 𝑇𝑒𝐶 + 𝑋𝑊 × 4
𝑖 + 4
                            𝐸𝑞 − 6.1 
where: 
DQS = Data Quality Score; 
R, C, TC, GC, TeC: See values found in Weidema and Wesnaes (1996); 
XW = weakest quality level obtained (i.e. highest numerical value) among the data quality 
indicators; and  
i = number of applicable data quality indicators. 
Overall, the process for data quality management involves reviewing the data provided to: (1) 
screen for any data gaps, (2) identify anomalies in datasets, and (3) ascertain data quality as 
described in Weidema and Wesnaes (1996) and Eq. 6.1. Based on the review, a list of 
questions are developed and sent to the data provider for clarification. From here onwards, 
a two-way dialogue (via emails, phone calls, and physical meetings) continues with the aim to 
increase the quality of data to the highest quality level that is practical and economical to 
collect. Finally, if possible, the sensitivity and the robustness of the compiled dataset is 
checked and Monte Carlo simulations can ensure the latter. For secondary data, no 
uncertainty analysis is carried out as the use of uncertainty factors (Weidema et al, 2013) is 
still evolving in the LCA community (Ciroth et al, 2016). In particular, Mila i Canals et al (2011) 
found that the uncertainty factors underestimate the uncertainty relating to activities during 
agriculture. Nonetheless, throughout the data analysis approach, internal and external LCA 
experts are sought to provide additional data quality assurances on the compiled dataset. For 
example, possible explanations of anomalies in data and verification of expected results. 
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Table 6. 2: Pedigree matrix used to assess the quality of data sources (Weidema and Wesnaes, 1996). 
Indicator score 1 2 3 4 5 
Reliability (R) Verified data based on 
measurements 
Verified data partly based 
on assumptions or non-
verified data based on 
measurements 
Non-verified data 
partly based on 
qualified estimates 
Qualified estimate 
(e.g. by industrial 
expert) 
Non-qualified estimate 
Completeness (C) Representative data 
from all sites relevant 
for market considered, 
over an adequate 
period to even out 
normal fluctuations. 
Representative data from 
>50% of the sites relevant 
for the market considered, 
over an adequate period to 
even out normal 
fluctuations. 
Representative data 
from only some sites 
(≤50%) relevant for 
the market 
considered or >50% 
of sites but from 
shorter periods. 
Representative data 
from only one site 
relevant for the 
market considered 
or some sites but 
from shorter 
periods. 
Representativeness 
unknown or data from a 
small number of sites 
and from shorted 
periods. 
Temporal correlation (TC) Less than 3 years of 
difference to the time 
period of the dataset. 
Less than 6 years of 
difference to the time 
period of the dataset. 
Less than 10 years of 
difference to the time 
period of the dataset. 
Less than 15 years of 
difference to the 
time period of the 
dataset. 
Age of data unknown or 
more than 15 years of 
difference to the time 
period of the dataset. 
Geographical correlation (GC) Data from area under 
study 
Average data from larger 
area in which the area 
under study is included. 
Data from area with 
similar production 
conditions. 
Data from area with 
slightly similar 
production 
conditions. 
Data from unknown or 
distinctly different area. 
Technological correlation (TeC) Data from enterprises, 
processes and materials 
under study. 
Data from processes and 
materials under study (i.e. 
identical technology) but 
from different enterprises. 
Data from processes 
and materials under 
study but from 
different technology. 
Data on related 
processes or 
materials. 
Data on related 
processes on laboratory 
scale or from different 
technology. 
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6.3.5. Description of Food Factory Data Collection: Stages A1 – A3 
After the goal and scope was defined, the next step was to identify key products that can 
include distinct product categories and major products. The identification process was carried 
out through engagement with the factory production team who were able to provide 
production data split out into product categories.  For the list of SKUs in each key product 
category, the major SKU was selected based on a Pareto analysis of the SKU production 
volumes that can be extracted from production and sales records. The major SKU is thus the 
reference product for the key product category throughout the whole LCI data collection 
process. 
At a factory level, the environmental aspects monitored will typically cover energy, water, 
solid waste, and liquid waste. The availability of data will vary depending on the coverage of 
utility meters across site and within processes, including billed utility invoices and systems to 
record physical materials e.g. solid waste. As such, a combination of the available data in 
conjunction with reasonable estimates based on expert judgment was needed to allocate the 
environmental aspects down to a key product group based on mass allocation. A general rule 
for the allocation process is not possible as this will depend on the combination of available 
data and expert judgement. Alternatively, an economic allocation approach can be used if 
economic data is readily available. However, the major limitation compared to a mass 
allocation approach is the representation of input-output flows based on economic data 
rather than physical dimensions based on mass, hence this is subject to price variability. As 
such, an economic allocation is recommended when mass data is not available. 
6.3.6. Description of Raw Material Processing Data Collection: Stages B1 – B6 
For the major SKU identified, a list of ingredients and packaging materials was determined 
based on the product recipe and packaging specification. The source of the data was obtained 
from the production specialists at the Case Factory. Following this, the identification of 
suppliers involved engaging with the procurement team of the Case Company who had a 
business relationship with the suppliers and is able to formally and more appropriately 
request information. Prior to contacting the suppliers, a LCI questionnaire and cover letter 
was developed to provide the suppliers with the motivations of the request and the types of 
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information required. The design of the questionnaire contains a range of information 
categories shown in Table 6.3. The questionnaire template can be found in Appendix C. 
Table 6. 3: An overview of LCI questionnaire categories and general content. 
Information 
category 
Description of content Data provider 
Supplier / 
customer 
overview 
• Basic information on supplier to include material names and 
manufacturing site locations. 
• Confirmation of environmental management systems 
• Confirmation of previous LCAs in the company 
• Confirmation of willingness to collect further data down the supply 
chain. 
Supplier 
Production Production volumes of the factory and raw materials required to 
manufacture ingredients/packaging. 
Suppliers 
Land footprint  The area space occupied by the total site and factory. Suppliers and customers 
Store volume The volume space occupied by the retail site and/or warehouse. Customers 
Energy Includes the different energy types; electricity, natural gas, fuel oil 
consumed at a factory and if possible at a product level. 
Suppliers and Customers 
Water Includes the different water types; mains, ground, river, and recycled 
consumed at a factory and if possible at a product level. 
Suppliers and Customers 
Atmospheric 
emissions 
Includes the release of pollutants (if measured) to the atmosphere 
including particulate matter. 
Suppliers 
Solid waste Includes solid materials that are discarded off-site and not recycled on-
site. 
Suppliers and Customers 
Liquid waste Includes liquid process water sent to a wastewater treatment plant and 
any liquids that are siphoned into tanks to be treated off-site. 
Suppliers 
Transportation Includes a general breakdown of the transportation route from the 
location of manufacturing to the customer location. 
Suppliers and Customers 
The cover letter developed was contained to a single-page to keep the communication 
concise. It included the purpose of the data request, contact details and a deadline of 4 weeks 
from receipt. The cover letter was signed off by the procurement contact who managed the 
business relationship with suppliers and by the head of sustainability and head of 
procurement in the Case Company. This was to ensure the request was supported at a high 
level in the food manufacturing company.  
Both the inlet/outlet flow questionnaire and cover letter were sent via email to the business 
contact in the supplier company. The option to follow-up with a webinar or phone call was 
provided. Any further communications took place through emails to discuss and clarify the 
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request in more detail. When the inlet/outlet flow questionnaire was returned, the data were 
reviewed to gauge the sensibility of the information. The LCI data for each inlet/outlet flow 
obtained for a specific geographic location were then converted to a range of life cycle 
impacts per tonne of material manufactured based on different Life Cycle Impact Assessment 
(LCIA) methodologies discussed in Sadhukhan et al (2014) using GaBi 6.0.  
6.3.7. Description of Farm Level Data Collection: Stages C1 – C2 
The raw materials required to manufacture the ingredients and packaging materials can be 
found in the information extracted from the inlet/outlet flow questionnaires sent to the Case 
Company suppliers. For the raw materials that could not be extracted or were not available 
due to incomplete or unreturned inlet/outlet flow questionnaires, then literature searches 
were carried out on the general manufacture of ingredients and packaging materials to create 
a list of raw materials. Once a list of raw materials was made, they were categorised into 
similar groups (e.g. dairy includes milk, whey etc) adopting the approach by Mila i Canals et 
al (2011) for modular ‘builidng blocks’. Afterwards, the raw material groups were cross-
referenced with commercial LCI databases to find similar LCI profiles (Ecoinvent, 2016, 
Quantis, 2014, ALCAS, 2011). 
6.3.8. Description of Customers’ Data Collection: Stages D1 – D6 
The portfolio of customers for confectionery products can be highly diverse depending on 
how developed the market where the products are sold e.g. high street retailers to 
convenience stores to cinema outlets to snacks on an aeroplane. As such, the development 
of the range of customer categories was based on the literature (Spencer and Kneebone, 
2007, Spencer and Kneebone 2012) and from the Case Company logistics team. For the major 
SKUs, it was possible to extract delivery orders over a 1 year time period to identify major 
customer categories and specifically the customers per se. From the identification of the 
major customer, it was possible to identify the key account manager inside the Case Company 
who manages the business relationship with an equivalent in the customer company. At the 
same time, the sustainability / environmental contact in the Case Company was able to 
provide an equivalent contact in the major customer category from previous and ongoing 
relationships. Before contacting the customer, a tailored LCI questionnaire was developed to 
include the same information categories as for customers. The processing of the returned 
inlet/outlet flow questionnaire is the same as discussed in Section 6.3.6. 
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6.3.9. Description of Consumers’ Data Collection: Stages E1 – E2 
As most confectionery products are ‘ready to eat’, there is no requirement for consumers to 
carry out any cooking processes before consuming them. In this particular scenario, consumer 
behaviour regarding transportation from point of purchase (customer store location) to 
consumption, storage of product, food waste and disposal of packaging are the relevant 
parameters to be evaluated. Therefore, the process to collect data for the major SKUs were  
largely based on literature supported by the marketing and sales team in the Case Company 
and retailers.  
6.3.10. Description of Disposal Data Collection: Stages F1 – F2 
The identification of waste materials post-consumer is based on the major SKUs combined 
with the consumption behaviour of the consumer. The process to determine the routes to 
disposal should in principle follow the waste hierarchy (European Commission, 2008) but in 
practice this can differ where there are national averages that can be taken that provide 
recycling rates and disposal to landfill (EA, 2014). For more specific environmental impacts of 
different waste treatment options, the engagement with waste service providers that operate 
on a local or national level can provide data on a kg basis. 
6.4. Results 
6.4.1. Amount of Data Collected  
The amount of data collected from both primary and secondary data sources are shown in 
Table 6.4. Overall, 184 LCI datasets were targeted for specific ingredients of which 123 were 
collected from primary and secondary sources. The total primary data collected was 100 
whereas secondary data represented 23.
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Table 6. 4: Amount of LCI datasets collected from both primary and secondary data sources. 
Information catgeory 
Life cycle stages 
Farm / Raw 
materials (C1 
– C2) 
Raw material 
processing 
(B1 – B6) 
Factory 
(A1 – A3) 
Distribution 
(D1 – D6) 
Retail 
(D1 – D6) 
Use 
(E1 – E2) 
Disposal 
(F1 – F2) 
Target amount of LCI datasets  23 147 4 1 1 n/a 8 
Total number of primary LCI datasets collected 0 96 4 0 0 n/a 0 
Total number of secondary LCI datasets collected 13 0 0 1 1 n/a 8 
Total number of no data collected 10 51 0 0 0 n/a 0 
Percentage of total primary data collected (%) 0% 65% 100% 0% 0% n/a 0% 
Percentage of total secondary data collected (%) 59% 0% 0% 100% 100% n/a 100% 
Percentage of no data collected (%) 41% 35% 0% 0% 0% n/a 0% 
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6.4.2. Types of Data Collected 
A range of primary data was collected for the factory, raw materials processing and retailer 
shown in Table 6.5, 6.6 and Appendix D. For the conversion of primary data to environmental 
impact, this was based on the energy data collected. The collection of emissions data was not 
found to be available across the majority of data providers as this was not measured and/or 
was confidential. 
For the Case Factory, the environmental consumption data is provided at the factory and 
product category level, shown in Table 6.5. Overall, the sugar product category has the 
highest natural resources consumption. 
Table 6. 5: Factory and product category level environmental resource consumption. 
Scale 
Number 
of SKUs 
Electricity 
(kWh/ton) 
Natural gas 
(kWh/ton) 
Water 
(m3/ton) 
Solid waste 
(ton/ton) 
Land use 
(m2/ton) 
Confectionery factory  130 539 1045 3.55 0.041 2.32 
Chocolate product category 9a 412b 701b 4.16b 0.020b 2.03b 
Sugar product category 8a 642b 1570b 3.64b 0.057b 2.78b 
Chocolate biscuit product category 3a 714b 1081b 2.22b 0.070b 2.38b 
a = major SKUs, b = Estimated. 
The LCI questionnaire and cover letter developed were sent via email to 67 ingredients and 
packaging suppliers requesting 2013 data only. In total, only 55% returned questionnaires 
that went through a review process with the suppliers over a series of emails before being 
converted on a relative basis e.g. per ton of bulk product delivered to the Case Factory. The 
LCI data were then converted to a range of environmental impact to widen the application 
depending on the preference of LCA practitioner, see Appendix D for sample LCIA data. 
Similar to raw materials processing, a LCI questionnaire and cover letter was sent to two major 
food retailers in the UK. However, only one retailer was able to provide some information 
which was not in the correct format, as shown in Table 6.6. 
Table 6. 6: Environmental aspects of retail in ambient conditions, for different scales. 
Scale 
Electricity 
(kWh/m2.day) 
Natural gas 
(kWh/m2.day) 
Water 
(m3/m2.day) 
Solid waste 
(ton/m2.day) 
Superstore 0.0944 0.0267 1.53 x 10-4 6.02 x 10-6 
Supermarket 0.0419 0.0113 7.12 x 10-5 5.21 x 10-6 
Warehouse 0.021 0.00877 8.77 x 10-5 1.42 x 10-5 
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6.4.3. Quality of Data Collected 
6.4.3.1. Data Quality Scores (DQS) for both Primary and Secondary Data                                                                                   
The data collected was assessed based on the pedigree data quality matrix. A comparison of 
the calculated DQS for 123 LCI datasets is shown in Figure 6.3. The orange bars represent 
secondary data whereas the blue bars represent primary data. 
 
Figure 6. 3: A comparison of the DQS for 123 LCI datasets collected. 
Overall, the DQS were then categorised into high, medium and low quality groups, shown in 
Table 6.7.  
Table 6. 7: DQSs for data collected categorised into high, medium, and low data quality. 
Data quality group Farm Raw materials processing Factory Distribution Retail Disposal 
High 2 0 0 0 0 0 
Medium 1 96 4 0 0 0 
Low 10 0 0 1 1 8 
 
For the DQS, two statistical analysis techniques are used to determine variability by 
calculating the average and standard deviation, shown in Table 6.8. The average DQS shows 
that the raw materials processing data has on average has the best quality compared to data 
collected for the other life cycle stages. However, caution must be taken in the interpretation 
as the sample size for the different life cycle stages are considerably different and will 
influence the final results. Despite this, the rank of highest to lowest quality based on the 
average is raw materials processing, factory, farm, and disposal. Furthermore, when 
investigating the variability of data within each life cycle stage, the calculated standard 
deviation shows the factory has the lowest variability whereas the farm stage has the highest. 
The rank of lowest to highest variability based on the standard deviation is factory, raw 
materials processing, disposal, and farm. Overall, the statistical analysis shows the primary 
data collected for the factory and raw materials processing has the highest quality.  
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Table 6. 8: Statistical analysis of DQS. 
Information 
category 
Farm Raw materials 
processing 
Factory Distribution* Retail* Disposal 
Average 3.23 2.74 2.78 n/a n/a 3.97 
Standard deviation 0.95 0.08 Negligible n/a n/a 0.17 
* = One dataset only available. 
6.4.3.2. Sensitivity and Uncertainty Analysis for Primary Data Collected 
For the primary data collected for raw materials processing and factory, the environmental 
hot spots were found to be electricity and heat inputs. A sensitivity analysis of electricity and 
heat inputs was therefore carried out to determine how these parameters within the 
collected dataset affect the final environmental impact values (Sadhukhan et al, 2014). As an 
example, the sensitivity analysis for the manufacture of blackcurrant liquid flavour is shown 
in Figure 6.4 for the following environmental impact categories: Global Warming Potential 
(GWP 100 years) (Guinee et al, 2002), Resources, Fossil fuels (Bare, 2011), Water depletion 
(Goedkoop et al, 2009), Urban land occupation (Goedkoop et al, 2009), Photochemical Ozone 
Creation Potential (POCP) (Guinee et al, 2002), Acidification Potential (AP) (Guinee et al, 
2002). The selection of these environmental impact categories were chosen because they 
represent common indicators found in environmental LCAs for food products (Fusi et al, 2016, 
Rivera et al, 2014, Roy et al, 2009) and emerging areas of concern such as water and land use 
(Jeswani et al, 2015, Mila i Canals et al, 2013).   
 
Figure 6. 4: Sensitivity analysis of the various environmental impact categories selected due to variations in 
electricity and heat by approx. 24% and 21%, respectively for the manufacture of blackcurrant liquid flavour at 
the Case Factory. 
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The uncertainty analysis was also undertaken by a Monte Carlo simulation based on 5000 
runs (IPCC, 2006), for the distribution of Global Warming Potential (GWP) on y-axis with 
respect to its standard deviation from its mean on x-axis, shown in Figure 6.5. A normal 
distribution profile was selected because it shows the linear correlation between impacts and 
independent parameters. 
 
Figure 6. 5: Monte Carlo analysis for the standard deviation of Global Warming Potential (GWP) from its mean 
value for the manufacturing of Blackcurrant liquid flavour. 
It can be seen that the electricity supply can cause greatest variations in water depletion and 
urban land occupation. This is because electricity generation requires water and land. For 
heat, the most sensitive areas are resources, fossil fuels as heat generation is based on fossil 
fuels. The Monte Carlo simulation results show relatively high standard deviation (e.g. ±50%) 
of Global Warming Potential (GWP) from its mean value. Some of the factors that contribute 
to the variability are primarily attributed to the choice of technology, geography and temporal 
dimension of the LCI models selected in Ecoinvent e.g. a LCI profile for a European based 
natural gas burner. Overall, from a decision-maker’s perspective, it is important to understand 
not only the quality of LCI data but also the uncertainty in terms of variability for decision-
making in broader LCA applications. 
6.4.4. Effectiveness of Tools and Processes Deployed 
A subjective assessment is made of the tools and processes deployed through the data 
collection process in terms of the effectiveness to collect data and effort required to 
implement, shown in Figure 6.6. A comparison of the effectiveness of tools and processes are 
discussed in Section 6.5.4. 
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Figure 6. 6: Assessment of the effectiveness of tools deployed. 
A range of visual diagrams was also created which improved understanding of different 
aspects of the confectionery supply chain. For example, the identification of raw materials 
and their associated suppliers was strongly aided by the development of an ingredients map 
for 20 major SKUs, see Figure 6.7 for one SKU. In Figure 6.7, the inner circle represents 
ingredients (coded from A to R), and the percentages shown are the share of their 
contribution to material supply. The outer circle shows the origins of the materials. Initially, 
the maps were generated for all suppliers for each ingredient but over the course of time they 
were narrowed down to single supplier for each ingredient based on highest percentage 
procured. In total, 147 ingredients and packaging materials purchased from 67 suppliers in 19 
countries were identified. 
 
Another aspect of the supply chain that was visually represented was the upstream 
confectionery supply chain in terms of distribution and retail. Due to the history of the Case 
Company in the UK, they have developed mature channels to a range of customers in the UK. 
As such, the upstream section of the supply chain is complex and diverse. Initially, the starting 
point to collect data was from retailers but it was unclear if this was the right choice given the 
diversity of customers. In order to navigate through the complexity, a literature review was 
carried out to find different distribution channels for food products. The information collected 
was combined with data from the Case Company based on discussions with the marketing 
and sales teams to create a full and general representation of the entire customer portfolio 
for confectionery, see Figure 6.8. 
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Figure 6. 7: Two ingredients map showing how suppliers were reduced from start to end. 
 
Figure 6. 8: Customer distribution channels and customer categories for confectionery products. 
6.4.5. Challenges Encountered during Primary Data Collection 
In the course of the LCI data collection process, the Case Company encountered several 
challenges that are shown in Table 6.9 with a range of recommendations proposed to resolve. 
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Table 6. 9: List of challenges encountered by Case Company. 
Challenges Recommendations 
1. Lack of engagement from supply chain actors 1. Supplier engagement events to raise awareness and discuss challenges. 
2. Circulate company sustainability reports and policies 
2. Lack of experience by Case Company and suppliers 3. Standardise environmental data received from suppliers 
4. Educate suppliers with webinars and short PowerPoint presentation 
5. Develop concise and targeted LCI questionnaires 
6. Provide 4-8 weeks to return completed LCI questionnaires 
3. Lack of resources 7. Offer assistance to complete (remotely or physically present) 
4. Identifying key actors within Case Company and across the 
supply chain 
8. Start building initial contact list from company network and expand 
9. Search for environment / sustainability contacts on sustainability reports / websites 
5. Engaging with actors with no direct business relationship 10. Contact people with direct business relationship to pursue request with indirect relationship 
11. Integrate environmental considerations in the audit criteria of multi-tiered suppliers 
6. Language barriers from non-UK data providers   12. Reduce communication to emails 
13. Check with data providers preferred language 
14. Provide translated questionnaire 
7. Different technical language to express environmental, 
engineering and supply chain information 
15. Align technical language to SI units / terminology 
8. Commercial compromise 16. Anonymise data sources 
17. Be transparent and clear on the application of data to reassure data provider on minimal 
compromise 
18. Intermediary agent to host the data 
9. Sensitivity of data disclosure 19. Aggregate data 
20. Expand location point e.g. city to country 
10. Confidentiality protection 21. Non-disclosure agreements (NDAs) 
22. Respect environmental disclosure policy of suppliers 
11. Conflict of interest with same person as data collector 
manager, provider and reviewer 
23. Independently review data by third party 
12. Navigating through a complex multi-tiered supplier systems 24. Engage with different suppliers and company supply chain/procurement function personnel 
to build common knowledge of supply chain structure 
13. Visualising complexity 25. Create basic diagrams verified by supply chain actors 
14. Modelling production processes 26. Engage with engineers to verify modelling 
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6.5. Discussion 
6.5.1. Comparison with other Data Collection Approaches 
A critical assessment of a integrated LCI data collection process and strategy has been 
presented from the perspective of a multinational food company. It is the first of its kind and 
helps to fill an important gap in the existing knowledge on alternative strategies for LCI data 
collection (Ramos et al, 2016, Jungbluth et al, 2016, Recchioni et al, 2015, Mistry et al, 2015). 
One of the key features of the process is the ability to leverage the resources of a 
manufacturing company to efficiently collect environmental data across the whole supply 
chain. For example, it was found that the Case Company – a multinational food company – 
was able to harness the perceived power of the organisation and translate into a supply chain 
leadership role to collect data (Gosling et al, 2016). For example, the involvement of more 
than 50 different people across many divisions within the company were engaged to identify 
actors across the supply chain and to facilitate data exchange. In comparison to existing 
approaches (Ramos et al, 2016, Jungbluth et al, 2016, Recchioni et al, 2015, Mistry et al, 2015, 
Bellon-Maurel et al, 2014, Popp et al, 2013, Finkbeiner et al, 2003, Pomper, 1998), the 
collection of data has been primarily on a voluntary basis where the implementation process 
is managed by a third party to drive the collection of data from different actors across the 
supply chain.  
 
Another major benefit is the speed to collect primary data. The application of the LCI process 
at a confectionery factory in the UK found that a company-led approach was able to collect a 
portfolio of new environmental data in a relatively short period of 5 months. In total 100 
primary LCI datasets were collected from 67 ingredients and packaging suppliers across 13 
countries. In comparison to other data collection approaches in the food industry (Ramos et 
al, 2016, Jungbluth et al, 2016, Milà i Canals et al, 2010) they do not provide an indication of 
the time involved to carry out data collection, especially for large amounts of data at different 
scales of problems e.g. single product, multi-products, factory or even company level. Based 
on the experience gained, it is expected that a 2nd round of data collection could result in a 
shorter timeframe of a few months. For example, with a projected timeframe of 3 months 
this could result in 400 LCI datasets per year. Therefore, in addition to existing routes of data 
collection (Ramos et al, 2016, Mistry et al, 2015, Popp et al, 2013, Finkbeiner et al, 2003, 
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Ecodesk, 2015), the role of companies can significantly create more LCI data which can benefit 
both companies, supply chain actors and wider industry. 
 
One other major benefit is the ability to create up to date and high quality data. For example, 
the primary data collected has resulted in 100 new LCI datasets where the majority of the LCI 
datasets are not found anywhere in the literature (NREL, 2014, Quantis, 2014). In addition, 
the LCI datasets are relatively new where at the time of collecting data were no more than 1 
years old. Such data will be particularly useful for environmental analysis in the confectionery 
industry, comprised of over 12,700 confectionery manufacturers in the EU (CAOBISCO, 2015).  
Furthermore, another major benefit is the transparency in data collection to encourage high 
quality and reproducibility. For example, new processes have been developed to visually 
describe the rationalisation and identification of ingredients, suppliers and customers across 
the supply chain compared to previous approaches (Ramos et al, 2016, Jungbluth et al, 2016, 
Recchioni et al, 2015, Mistry et al, 2015, Bellon-Maurel et al, 2014).  
6.5.2. Quality of Data Collected  
The quality of data collected was found to vary considerably from both primary and secondary 
sources based on the pedigree matrix (Weidema and Wesnaes, 1996). For example, the 
majority of primary data collected was found to be medium quality whereas the secondary 
data varied from high-to-low quality. However, the primary data had the potential to be high 
quality but was limited due to the representativeness criteria since the data only represented 
one site and not the whole market/country.  
 
Furthermore, for the primary data collected, the GaBi LCA software (Thinkstep, 2015) was 
used to model the energy conversion processes e.g. natural gas, coal and electricity. In this 
case study, due to the volume of LCI data collected, several processes were assumed to 
represent the energy conversion processes found from different suppliers e.g. same industrial 
furnace for natural gas for all suppliers. However, the choice of technology, geography and 
temporal dimension of the LCI models selected in Ecoinvent can affect the overall uncertainty. 
Despite this, it was found for the blackcurrant liquid flavour that the parameters within the 
datasets would need to change by ±25% to result in a standard deviation of ±50%. Such 
change in parameter variability is unlikely to be found from the supplier. 
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Alternatively, another approach is the development of specific engineering models 
representing the energy conversion systems (Tan et al, 2010). However, such an approach 
would require a considerable amount of time to model given the large volume of data 
collected e.g. 100 LCI datasets. Instead, there is a trade-off between using standard processes 
in GaBi and the benefit gained from increasing accuracy. Overall, it was found that the 
approach adopted could provide an initial evaluation of data quality, of which uncertainty 
analysis can then help guide further research. 
 
Throughout the data collection, a range of secondary LCI databases have been used e.g. 
Ecoinvent, World Food Life Cycle Assessment DB (WFLCDB), AgriFootprint, and Nestlé internal 
LCI DB. Some of the key differences between the LCI DBs are the scope of LCI data, boundaries 
of the data collected, and data quality. For example, Ecoinvent is the largest and most 
transparent LCI database covering a diverse range of sectors and processes. However, the 
scope of data available is primarily European-based, some data is outdated and processes are 
generalised (Weidema et al, 2013). In comparison, the WFLCDB and Agrifootprint are focused 
on food products, especially agricultural products. Although, the system boundaries for crop 
production/cultivation, processing, and animal husbandry are similar for both LCI DBs (Agri-
footprint, 2015, Nemecek et al, 2014). The major difference between these LCI DBs is the 
amount of data available and the quality of the data. For example, both LCI DBs provide LCI 
based on high, medium and low rating system. Overall, despite the difference in scopes, the 
common feature that unites the different LCI DBs is the consideration of the the pedigree 
matrix (Weidema and Wesnaes, 1996) to manage and assess data quality. 
 
Overall, further statistical analysis showed the primary data had the lowest variation based 
on the standard deviations of DQS whereas secondary data for disposal and farm stage had 
the highest variation. For the retail and disposal level, only partially completed LCI 
questionnaires were returned. As such, data was sourced from the Ecoinvent database 
(Ecoinvent, 2016). However, due to the generalised nature of LCI profiles in Ecoinvent, the 
quality was found to be low based on the ratings assigned on the pedigree matrix. Overall, 
the highest data quality was obtained for those companies that operate closer along the food 
supply chain to the multinational food company leading the data collection process. Hence, 
the critical stages of the supply chain requiring further research would be agricultural 
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production (farm level) on one side, and retailers and waste treatment companies on the 
other side. 
6.5.3. Gaps in Data 
One of the major limitations found in practice was the collection of primary data at farm level. 
For the farm level, only a few suppliers manage and operate vertically integrated operations 
from farm level to ingredient/packaging manufacture. However, due to the complex nature 
of farms, they can perform multiple services / functions over various periods creating multiple 
outputs. As such, the collection of primary data was out of scope as the timeframe to compile 
an inventory of all the materials and energy consumed at a farm level is much longer (e.g. 
months to years) compared to the other life cycle stages.  
 
In addition, the infrastructure and technology required to collect data is less advanced for 
farmers and have limited resources in terms of knowledge and expertise. Therefore, data was 
sourced from secondary LCI DBs such as WFLDB (Quantis, 2015) and Agri-Footprint (Agri-
footprint, 2015). To this extent, the pursuit of specific farm level data should only be for 
significant raw materials as there is a trade-off between the volume of LCI data collected and 
resources expended in terms of people’s time.  
 
Overall, the LCI data collection process has shown that a multinational company can 
potentially engage and facilitate LCI data collection directly with farmers or indirectly through 
1st tier suppliers. However, longer-term initiatives are required to establish environmental 
training through partnerships to support and reduce the environmental impact at farms (e.g. 
TESCO, 2015, Nestlé, 2015).  
6.5.4. Effectiveness of Tools and Processes  
An assessment of the different tools and processes applied during the LCI data collection is 
shown in Figure 6.6. Although such tools and processes are found in the general literature 
(UNEP, 2011b; European Commission, 2010; EPA, 1997), an assessment of what was effective 
from the implementation experience has been presented for the first time on a two-axis 
graph showing the effectiveness to collect data with the effort required. It was found that the 
most effective process was the follow-up calls/emails with read receipts to data providers. 
However, such an approach was rather intensive and repetitive as records were kept to track 
communications.  
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Another effective process were the regular meetings with Case Company personnel to review 
progress, identify any problems and provide support. In comparison, Ramos et al (2016) found 
a web-based tool was effective to bring large numbers of companies’ together (e.g. 23 food 
small medium enterprises (SMEs)) on a single digital platform. Such a tool could be integrated 
within a company-led approach but would require an initial capital expenditure to develop. 
6.5.5. Challenges Encountered during Implementation  
Over the course of the data collection process, several challenges were encountered as listed 
in Table 6.9. In comparison to the challenges found in the literature (UNEP, 2011b; European 
Commission, 2010; EPA, 1997), the major difference is the comprehensive overview with 
recommendations to resolve in the context of implementing a company-led LCI data 
collection process. For example, the data collected within the company, there was a major 
challenge of conflict of interest since the data collector manager, data provider, and data 
exchange facilitator all work for the same company. Although this may be the case, the 
process to ensure robust datasets remains by keeping records of data at different stages of 
transformation, validating data with experts in the company and pursuing data that is of high 
quality based on the pedigree data quality matrix. Further checks on the quality of data can 
be carried out by comparing data with similar materials/products and independently 
reviewing the data by a third party.   
 
Another major challenge was the lack of engagement from supply chain actors, in particular 
ingredients and packaging suppliers. For example, a total of 45 suppliers did not return the 
LCI questionnaires. Based on further discussion with suppliers, it was found that there were 
several reasons for either participating partially or not at all. For example, lack of resources 
and LCA experience, commercial compromise, sensitivity of data disclosure and 
confidentiality protection. It was found for the majority of suppliers, in particular the SMEs, 
that they did not have experience in completing a LCI questionnaire to a high level of detail 
where for some it was completely new and for others they had previously experienced 
multiple environmental data requests for various formats where their LCA teams employ LCA 
tools.  
 
Furthermore, the commercial implications were a topic that came up often in the engagement 
process with suppliers both SME and large. Despite reassurance measures such as 
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confidentiality protection through NDAs and anonymization of data if shared in the public 
domain, the resistance to participate with some suppliers remained. It was found that the 
level of participation depended largely on trust and relationships in terms of the people 
involved and the length of relationships.  
6.5.6. Motivations for Companies to Participate  
Despite the challenges, several motivating factors were found for encouraging data providers 
to participate in the company-led LCI data collection process as part of their overarching 
Corporate Social Responsibility (CSR) strategy (Dahlsrud, 2008). For example, the opportunity 
to collaborate with Case Company (e.g. strengthen relationship, ways of working and 
partnerships), opportunity to learn about the environmental impact of their 
organisation/product in the Case Company’s products, and opportunity to develop learning 
experience of LCI data request. However, in total, only 55% of suppliers returned the LCI 
questionnaire.  
 
A surprising finding was the lack of implementation from some companies who publically 
advocated sustainability improvements and supplier engagement both at an SME and 
(multinational corporation) MNC level as part of their CSR strategy. Despite this, the role of 
CSR can be a strong motivator for companies to participate as it was generally found that the 
sustainability commitments by different companies helped companies initially participate. As 
such, it is recommended that a range of initiatives is developed to encourage efficient LCI data 
collection by the Case Company. Such initiatives will aim to bring supply chain actors together 
to develop a mutual understanding on promoting sustainable supply chains. For example, 
workshops to discuss strategies to improve supply chain sustainability, specific partnerships 
with suppliers on key ingredients, and LCA/environmental awareness training in the food 
industry.  
6.5.7. Towards a Standardised Procedure in the Food Sector and Wider 
Industry 
The LCI data collection process has the potential to transition towards a standardised 
procedure for the food sector. However, not all food companies will have the ability to lead a 
LCI data collection process across the supply chain since these companies are either SMEs or 
do not manufacture finished products. As such, in this context, these companies can have a 
different role in which they can support organisations seeking to lead an LCI data collection 
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process across the supply chain. Alternatively, such companies can group together to initiate 
a LCI data collection process for common materials shared between the companies. Overall, 
the LCI data collection process provides an initial framework for other food companies to 
design their respective data collection strategies.  
6.6. Conclusions 
This chapter has presented a LCI data collection process, which represents one of the very 
first such studies of its type. The novel features of the LCI process are: (1) an integrated 
approach from the combined features of data sources, questionnaires, and data quality 
management across the whole food supply chain, and (2) the role of a multinational food 
company (e.g. Case Company), rather than a third party, to initiate, motivate, accelerate and 
manage the whole collection of inlet/outlet flow data across the supply chain.  
 
The application at a multi-product confectionery factory in the UK critically assessed the role 
and effectiveness of a multinational food company in collecting LCI data across the 
confectionery supply chain. In total, a portfolio of 100 new environmental LCI datasets from 
the interaction with 67 ingredients and packaging suppliers across the globe and several food 
retailers. The majority of primary data collected was from ingredients and packaging 
suppliers, food factory and partial data from retailers and waste disposal providers. 
 
In addition, several challenges were encountered during implementation from the lack of 
experience, identifying key actors, confidentiality protection, and complexity of multi-tiered 
supplier systems. Despite this, by using the internal resources, business relationships and 
influence of a multinational food company, it was found that a multinational company can 
play a critical role, especially in engagement and facilitation by transforming latent data found 
within companies or reported publically across the supply chain towards expansion of LCI 
data.  
 
The key benefits of the proposed LCI data collection process includes: (1) the ability to 
leverage the resources of a manufacturing company to efficiently collect environmental data 
across the whole supply chain, (2) the increased speed to collect primary data, (3) the ability 
to create up to date and medium-to-high quality data, and (4) the increased transparency in 
data collection. However, further engagement with different food companies and 
Page 170 of 320 
 
applications across food categories would be required to develop a robust standardised 
procedure, especially supported by research institutes and NGOs. 
 
Overall, the proposed LCI data collection process, illustrated through a particular application 
in the confectionery industry, makes several contributions to knowledge: 
(1) A methodological framework to collect LCI data across the food supply chain; 
(2) Confirmation that multinational companies can play an effective role in engaging and 
facilitating data exchange across the supply chain; 
(3) A total of 100 new LCI data for the confectionery industry. Such data will be very useful 
to the confectionery industry, including the 12,700 confectionery manufacturers in 
Europe; 
(4) Identification of challenges to collect LCI across the supply chain and 
recommendations. Such insights will help decision makers to effectively navigate any 
obstacles; 
(5) Assessment of key tools to encourage LCI data collection such as interviews, supply 
chain maps, and questionnaires; and  
(6) A questionnaire template to guide other companies and encourage reproducibility. 
A key area for further research is to explore the transition of the proposed LCI data collection 
process towards a standardised procedure for the food industry. This can be achieved through 
further engagement with different food companies to modify and build consensus. In 
addition, several applications across different food categories would be required to develop 
a robust standardised procedure, especially supported by research institutes and NGOs. 
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Chapter 7: Environmental Management of Confectionery 
Products: Life Cycle Impacts and Improvement Strategies 
7.1. Introduction 
In this chapter, the following important research questions have been answered by 
presenting the first environmental life cycle assessment (LCA) for a range of different 
confectionery products produced from a factory (Miah et al, 2017b). In Sections 2.6 and 2.7, 
a series of research questions were developed as part of identifying gaps in knowledge on the 
environmental impacts of confectionery products. Thus, this chapter makes numerous 
contributions in the field by comprehensive analyses in response to the following important 
research questions. 
(1) What are the environmental impact of different confectionery products from cradle-
to-grave? 
(2) What are the comparative environmental impact across the different confectionery 
product groups? 
(3) What are the environmental hotspots across multiple environmental impact 
categories? 
(4) How can a wider range of environmental impact categories be measured across the 
confectionery supply chain e.g. energy, water, land use and biodiversity? 
(5) Which confectionery product category has the highest environmental impact? 
(6) How do functional units affect the environmental analysis of various confectionery 
products? 
(7) What improvement strategies can deliver effective environmental impact reductions 
across product categories? 
 
The chapter starts with a description of the proposed LCA methodology to evaluate the 
environmental profiles of confectionery products in Section 7.2. This is followed by the 
application at the Case Factory in Section 7.3. Lastly, conclusions are provided in Section 7.4. 
7.2. Methodology  
The proposed methodology adopted to evaluate the environmental profiles and hotspots of 
different confectionery products is by LCA (LCA), following the ISO 14040/14044 methodology 
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(ISO, 2006, Bauman and Tillman, 2004, Sadhukhan et al, 2014). In comparison to previous 
studies (Vesce et al, 2016; Jungbluth and Konig, 2014; Buser and Jungbluth, 2009; Ntiamoah 
and Afrane, 2008; Wallen et al, 2004; Nilsson et al, 2011; Wiltshire et al, 2009), the novel 
features of the methodology adopted are: 
(1) LCA of confectionery products representing core product groups found in the 
confectionery industry. This is important because current studies do not provide 
environmental impact of all the main confectionery groups. 
(2) Full supply chain analysis from cradle-to-grave. By analysing the full system boundary 
provides a genuine life cycle analysis rather than specific parts of the supply chain. 
(3) Inclusion of food waste data. The food waste generated represents inefficiencies 
where environmental resources are utilised to manufacture. 
(4) Inclusion of pre-processing stage of chocolate manufacture e.g. milk crumb and milk 
chocolate. Due to the high composition of chocolate ingredients, the milk crumb and 
milk chocolate manufacture can potentially have a considerable impact. 
(5) Analysis from multiple functional units to show how environmental impact vary e.g. 
mass versus nutritional benefits. 
(6) Multi-cirteria decision analysis (MCDA). A MCDA allows different environmental 
impact categories to be compared to each other for benchmarking and decision-
making. 
(7) Assessment of multiple improvement strategies to demonstrate what can be 
improved and how.  
(8) A broader range of environmental impact categories relevant for the confectionery 
industry e.g. water, land use and ecosystems quality.  
(9) Data sources based on dedicated LCI food databases such as WFLCD. The utilisation of 
current data ensures the impacts are up-to-date and accurate compared to older 
studies. 
 
In total, seven different confectionery products are analysed; sugar, dark chocolate, caramel-
chocolate based, cereal-chocolate based, wafer-chocolate based, biscuit-chocolate and milk-
based products. The methodology and assumptions are described in more detail in the 
following sections. For specific LCI data, please see Appendix E. 
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7.2.1. System Boundaries and System Definition 
The life cycle stages considered are shown in Figure 7.1 for the various confectionery products 
from ‘cradle-to-grave’. The key differences between the confectionery products are the 
ingredients and packaging materials, composition and the pre-processing stage. For example, 
milk chocolate confectionery product contains pre-processed milk crumb and milk chocolate 
whereas sugar and milk-based confectionery has no pre-processing attributes. 
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Figure 7. 1: Life cycle stages for milk chocolate confectionery (Inc. caramel-chocolate based, cereal-chocolate 
based, biscuit-based, and wafer-chocolate based), milk chocolate biscuit confectionery, dark chocolate 
confectionery, sugar confectionery and milk-based confectionery products. (T = transport, W = waste, Milk 
chocolate A and B are two different types of milk chocolate). 
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7.2.2. Raw Materials, Ingredients and Packaging 
The ingredients used for the various confectionery products including milk crumb, milk 
chocolate and dark chocolate are shown in Table E1.1 in Appendix E with country of origin 
and source of Life Cycle Inventory (LCI) data. 
 
For the packaging, the environmental impacts involve the conversion of raw materials to 
packaging components and print format that is used for the final packaging material for the 
confectionery products.  Only the primary and secondary packaging has been considered for 
the final packaged confectionery product. The tertiary packaging components (e.g. pallets and 
stretch wrapping) have not been considered as the %weight from a systems perspective is 
negligible. Also, the packaging aspects for ingredients, intermediary ingredients and 
packaging components have not been considered as they are supplied in bulk bags which are 
reused and from a systems perspective the %weight is negligible. The data for the packaging 
of the confectionery products are shown in Table E1.2 in Appendix E. 
7.2.3. Pre-processing and Manufacturing 
The pre-processing stage only includes the processing and manufacture of intermediary 
materials utilised to manufacture a confectionery product. For milk chocolate confectionery 
and milk chocolate biscuit confectionery product, this includes the manufacture of milk 
crumb1 and milk chocolate. For the dark chocolate confectionery product, this includes the 
manufacture of dark chocolate. The pre-processing stage takes place all in-house by the food 
company in the UK. 
 
For the manufacturing stage, this involves the manufacture of the final packaged 
confectionery product utilising a diverse range of food and packaging technology. For the case 
study, the confectionery factory was a multi-product confectionery factory that employed a 
range of technologies to manufacture sugar, caramel-chocolate based, cereal-chocolate 
based, wafer-chocolate based, dark chocolate, chocolate biscuit and milk based products 
(Miah et al, 2015a, Miah et al, 2017b). For some of the chocolate products, the same 
technology and/or production lines were used. The LCI data for the confectionery factory is 
extracted from Miah et al (2017a). 
 
1 = Milk crumb is a crystallised mixture made of milk, sugar and cocoa liquor. The main purpose is to enhance 
flavour and extend shelf life. (Beckett et al, 2017) 
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7.2.4. Distribution, Retail and Consumption 
The final packaged confectionery product is transported to a distribution centre located in 
York and stored at ambient room temperature. The storage time for confectionery products 
is assumed to be four weeks. From the distribution centre, the packaged product is 
transported to a retailer where the confectionery product is assumed to be stored in ambient 
room temperature for four weeks. These assumptions are based on industrial practices 
(Espinoza–Orias, 2017). 
 
For the consumption stage, this involves the consumption of the confectionery product in a 
home environment. Since confectionery products are packaged in a ready-to-eat format, 
there is no preparation required for consumption. As such, it is assumed that there are no 
environmental impact associated with consumption apart from transportation to-and-from 
the retailer.  
7.2.5. Disposal 
This stage considers only the waste generated from the factory to the consumption stage. The 
waste materials generated are from food waste and packaging. For the factory, it is assumed 
the waste generated from sugar is 4.1%, chocolate-based products is 2%, and milk chocolate 
biscuit products are and 5.7%, respectively (Miah et al, 2017). For logistics, it is assumed 
0.12% is lost as waste in transportation mode (Espinoza–Orias, 2017). For retail, it is assumed 
0.7% food waste is generated (WRAP, 2016). In addition, based on the research findings by 
WRAP (Waste Resources Action Programme) on confectionery food waste, it is assumed an 
average 5% is sent to landfill as waste (WRAP, 2014). For the packaging materials, the disposal 
includes primary and secondary packaging that consist of product packaging and the 
corrugated-board boxes used to pack the final products. The disposal routes for the seven 
different confectionery products are assumed to be recycling (packaging materials only) and 
incineration that occur in the UK. The disposal assumptions are summarised in Table E1.3 in 
Appendix E, based on UK recycling rates (PAFA, 2015, CPI, 2013). The LCI data for disposal 
have been sourced from the databases of Ecoinvent v2.2 integrated with GaBi 6.0 (Thinkstep, 
2015). 
7.2.6. Transport 
The environmental impact associated with transport at different LCA stages are combined 
together as the impact from transportation for some stages is negligible. The transport 
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distances for each ingredient and packaging material have been determined based on existing 
suppliers to the confectionery factory. For some materials, not all transport distances are 
disclosed due to confidentiality. The distances between the distribution centre and retailer 
are assumed to be 100km. The distances between the retailer and consumer are assumed to 
be 5km. The distances between the consumer and disposal routes are assumed to be 30km. 
These distances are based on current industrial practices (Espinoza–Orias, 2017). The 
transport assumptions are summarised in Table E1.4 in Appendix E. The LCI data for transport 
have been sourced from the databases of Ecoinvent v.2.2 (Ecoinvent, 2016) integrated with 
GaBi 6.0 (Thinkstep, 2015). 
7.2.7. Environmental Impact Assessment Methodologies 
The environmental life cycle impacts of different confectionery products were modelled in 
Microsoft Excel based on Nestlé’s EcodEX LCA tool (Schenker et al, 2014).  Currently, five 
environmental impact indicators are taken into account by EcodEX, shown in Table 7.1. They 
are: land occupation and water consumption at the inventory level (Goedkoop et al, 2013); 
GHG emissions at a 100 year perspective (IPCC, 2006) and Non-renewable minerals and fuels 
(CML 2014) at the midpoint level; and Ecosystems Quality (based on the IMPACT 2002+ 
method and modified to exclude land occupation and thus avoid double counting) at the 
endpoint level (Jolliet et al, 2003). Overall, the indicators adopted in EcodEX are found 
elsewhere in food LCA applications either on their own or combined (Fusi et al, 2016, Rivera 
et al, 2014, Roy et al, 2009). 
 
Table 7. 1: Different life cycle impact assessment methods used to estimate a range of environmental impact. 
Life cycle impact assessment method Indicator name Nestlé EcodEX definition 
CML 2001 (Guinée et al, 2002) Global warming potential (GWP) Greenhouse gas emissions 
CML 2001 (Guinée et al., 2002) 
Abiotic depletion (ADP elements 
and fossil) 
Non-renewable resources and 
Fuels 
ReCiPe (Goedkoop et al, 2013) Water depletion Freshwater consumption 
ReCiPe (Goedkoop et al, 2013) Agricultural land occupation  
Land use 
ReCiPe (Goedkoop et al, 2013) Urban land occupation  
Impact 2002+ (Humbert et al, 2012) Aquatic acidification 
Ecosystems quality Impact 2002+ (Humbert et al, 2012) Aquatic eutrophication 
Impact 2002+ (Humbert et al, 2012) Terrestrial ecotoxicity 
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The EcodEX tool contains LCI data sourced from several public LCI databases which are 
continually uploaded to the latest versions such as Ecoinvent (Ecoinvent, 2016), the World 
Food LCA Database (Quantis, 2014), Agribalyse database (ADEME, 2014) and Agrifootprint 
(Agri-footprint, 2014). In practice, the integration of data from different sources is routinely 
applied to complete data gaps (Roy et al, 2009). However, a critical perspective must be taken 
in the interpretation of results due to methodological differences in different LCI DBs.  
 
For gaps in data (e.g. ingredients, packaging etc.) and where no datasets are currently 
available in commercial software or database (Ecoinvent 3, GaBi 6 and SimaPro 8), new LCI 
datasets have been created for LCA studies using input/output mass/energy flows collated 
from suppliers. For datasets which were collected from suppliers (e.g. Miah et al, 2017a), the 
data were converted to environmental impact categories defined by EcodEX using Gabi LCA 
software V6.4 (Thinkstep, 2015), shown in Table 7.1.  
 
In the Nestlé EcodEX tool, the environmental impact categories are presented on their own. 
There is no feature to aggregate environmental impact categories together as this is a 
subjective exercise involving multi-criteria decision analysis (MCDA). As such, in this chapter, 
the environmental impact are presented both on their own and in an aggregated format after 
the application of MCDA. The application of MCDA allows different environmental impact 
categories to be compared and combined together, especially when there are conflicting 
criteria, qualitative and quantitative data and information on different scales. There are many 
types of MCDA methods which include Weighted Sum Model (WSM), multi-attribute utility 
theory (MAUT), The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), 
multi-attribute value theory (MAUT) and analytical hierarchy process (AHP) (Azapagic and 
Perdan, 2005).  
 
For the purposes of comparing aggregated environmental impact, the WSM has been used as 
it allows a simple consideration of all five environmental impact categories by applying 
weights to criteria. It is assumed that each environmental impact category is valued equally 
since all categories have been carefully selected with equal importance within the scope of 
this EngD project. The typical steps involved in WSM include normalisation, weighting and 
aggregation.  
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For the normalisation stage, each environmental impact category is rescaled from 0 (best 
value) to 1 (worse value) to avoid the effects of scale in the aggregation of parameters inside 
each environmental impact category. The best value represents the lowest environmental 
impact, whereas the worse value represents the highest environmental impact. 
Normalisation was done using Diaz-Balteiro and Romero (Diaz-Balteiro and Romero, 2004) 
Equation (7.1). 
𝑋𝑛 =
𝑋𝑖 − 𝑋𝑖,𝑚𝑖𝑛
𝑋𝑖,𝑚𝑎𝑥 − 𝑋𝑖,𝑚𝑖𝑛
                                                   (𝐸𝑞 − 7.1) 
 
In Equation (7.1), 𝑋𝑛 is the normalised value, 𝑋𝑖 is the value of ith parameter in the 
environmental impact category.   𝑋𝑚𝑎𝑥 and 𝑋𝑚𝑖𝑛 are the best and worst values of the ith 
environmental impact category. 
 
For the weighting and aggregation stage, it is assumed each environmental impact has equal 
importance during the aggregation. The Aggregated Environmental Impact (AEI) is calculated 
according to Equation (7.2). 
𝐴𝐸𝐼 = ∑ 𝑤𝑖. 𝑋𝑛                                                     (𝐸𝑞 − 7.2) 
 
In Equation (7.2), the AEI is the sum of all normalised environmental impact. The weight (𝑤𝑖) 
of each environmental impact category is 1. 
7.3. Results and Discussion 
7.3.1. Comparison of Environmental Impacts for different Confectionery 
Products 
7.3.1.1. Global Warming Potential impact 
A comparison of the GWP impact for different confectionery products is shown in Figure 
7.2. In addition, the sensitivity analyses of the contributing ingredients by ±20% of mass 
weight are carried out to assess the influence on total GWP impact, shown in Figure 7.3 
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Figure 7. 2: A comparison of the GWP impact for different confectionery products. 
 
Figure 7. 3: Sensitivity of key ingredients contributing to GWP impact across seven confectionery products. 
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For the GWP impact, it can be seen that the dark chocolate confectionery has the highest 
impact whereas the sugar confectionery has the lowest impact. The carmel-based milk 
chocolate confectionery has the second highest followed by the biscuit-based confectionery, 
cereal-based milk chocolate confectionery, wafer-based confectionery, and milk-based 
confectionery. Overall, the dark chocolate confectionery can cause greater than 387% global 
warming potential impact compared to the sugar confectionery. The major reason for the 
difference between the highest and lowest impact confectionery products is due to the raw 
materials. For example, the sensitivity analysis shown in Figure 7.3 shows that cocoa butter, 
cocoa liquor and milk-based ingredients are largely responsible for the high raw materials 
stage impact in dark chocolate confectionery. 
Furthermore, some of the contributing factors for the different GWP hotspots are related to 
the types of ingredients used and processing technology. For example, sugar confectionery 
has a high impact at raw materials stage due to ingredients such as sugar, glucose syrup, and 
gelatine powder. Such ingredients are intrinsically energy intensive. Whereas for the 
chocolate based confectionery, the high percentage of cocoa-based ingredients increases the 
GWP impact due to high energy demand to cultivate and process cocoa beans into milk 
chocolate and associated deforestation. Similarly, for the milk-based confectionery, the high 
impact at raw materials stage is due to ingredients such as dairy-based products, sugar, and 
palm oil. Overall, the selection of a few ingredients can considerably contribute to the GWP 
impact of confectionery products. 
The factory stage accounts for the second highest environmental impact area across all seven 
confectionery products. This is primarily due to the energy used for the different processing 
technology. Further analysis shows that on average, for this particular case study, the direct 
energy (e.g. natural gas) accounts for 66% of energy utilisation whereas 34% accounts for 
indirect energy (e.g. grid electricity, shown in Figure 7.4. As such, there are opportunities to 
reduce energy demand, especially the application of heat integration reduce natural gas 
consumption. 
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Figure 7. 4: Comparison of direct and indirect energy percentage for different confectionery products. 
Furthermore, one of the key differences between the GWP impacts of different confectionery 
products is the high percentage attributed to manufacturing for sugar confectionery. In 
comparison to the rest of the confectionery products, the manufacturing stage for sugar 
confectionery attributes nearly 50% of the total GWP impact. The reasons for the high impact 
at manufacturing stage is due to energy intensive sugar processing technology which involves 
batch cooking and long durations of temperature controlled heating. Whereas chocolate 
confectionery products are produced in a semi-continuous operations involving less energy 
intensive processing and higher throughput of production to increase overall efficiency.  
 
7.3.1.2. Water Depletion Impact 
An alternative environmental impact category that is growing in importance in the food 
industry is water impacts (FDF, 2016). Some of the primary drivers are related to water 
scarcity, resource efficiency, and environmental stewardship. A comparison of the water 
depletion impact for different confectionery products is shown in Figure 7.5. In addition, the 
sensitivity analysis of the contributing ingredients by ±20% of mass weight are carried out to 
assess the influence on total water depletion impact, shown in Figure 7.6. 
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Figure 7. 5: A comparison of the water depletion impact for different confectionery products. 
 
Figure 7. 6: Sensitivity of key ingredients contributing to water depletion impact across seven confectionery products. 
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In comparison to the GWP impact, the sugar confectionery product has the highest water 
depletion impact whereas the carmel-based milk chocolate confectionery has the lowest 
impact. The biscuit-based confectionery has the second highest impact followed by the dark 
chocolate confectionery, wafer-based confectionery, milk-based confectionery, and cereal-
based milk chocolate confectionery. Overall, the sugar confectionery is more than 159% of 
the carmel-based milk chocolate confectionery. The major contributor between the highest 
and lowest impact confectionery products is the raw materials found for the sugar 
confectionery which is attributed to gelatine powder. It was found from the data collected 
from suppliers, the processing sites for gelatine powder generated energy from different 
sources (e.g. natural gas, coal, fuel oil and wood) requiring high water consumption. Further 
initiatives are required to be developed with suppliers to reduce environmental impact. 
 
Another interesting difference between the seven confectionery products for water depletion 
impact is the similar percentage attributed by both raw materials and manufacturing stage. 
Some of the contributing factors for raw materials stage are similar to factors contributing to 
GWP impact. However, for the manufacturing stage, the energy mix from indirect sources has 
shown to have a strong role in the water depletion impact, shown in Figure 7.7. For example, 
the chocolate biscuit manufacturing stage involves a higher electricity contribution than the 
other chocolate-based confectionery products. As such, alternative energy sources can 
potentially reduce water depletion impacts. 
 
Figure 7. 7: Comparison of direct and indirect water use percentage for different confectionery products. 
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Another significant difference is the water depletion impact attributed to packaging stage 
(Inc. packaging conversion) across the seven confectionery products. In particular, the 
packaging stage for dark chocolate confectionery product accounts for 17% of total water 
depletion impact. The reasons for the high impact at packaging stage are primarily due to the 
large percentage weight of packaging material compared to other confectionery products. 
However, further investigation of the LCI data found the following contributing factors: (1) 
energy mix associated with the manufacture of plastic packaging and cardboard and (2) open 
loop water systems during plastics and cardboard manufacturing compared to closed-loop 
where water is recycled. Furthermore, another key difference is that the dark chocolate 
confectionery product (for this example) is regarded as a seasonal product e.g. sold during 
the winter period. Due to seasonal nature, these types of products can have a higher 
packaging weight due to unique packaging formats. Overall, packaging weight should be 
optimised within the constraints of quality parameters and product requirements. 
 
7.3.1.3. Abiotic Depletion Potential impact 
Another environmental impact category that is widely considered in environmental LCA is 
Abiotic Depletion Potential (ADP). The ADP is an indication of depletion of non-renewable 
resources i.e. fossil fuels, metals and minerals (Guinee, 2015). A comparison of the Abiotic 
Depletion Potential (ADP) impact for different confectionery products is shown in Figure 7.8. 
In addition, the sensitivity analysis of the contributing ingredients by ±20% of mass weight are 
carried out to assess the influence on total ADPl impact, shown in Figure 7.9. 
For the seven confectionery products, it can be seen the cereal-based milk chocolate 
confectionery has the highest ADP impact whereas the sugar confectionery has the lowest 
impact. The dark chocolate confectionery has the second highest followed by carmel-based 
milk chocolate confectionery, milk-based confectionery, biscuit-based confectionery, and 
wafer-based confectionery. Overall, the cereal-based milk chocolate confectionery is more 
than 208% of the sugar confectionery. Some of the major contributor factors for the 
difference are due to the raw materials found in chocolate-based products such as cocoa-
based ingredients, dairy-based products, sugar, and palm oil. 
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Figure 7. 8: A comparison of the Abiotic Depletion Potential impact for different confectionery products. 
 
Figure 7. 9: Sensitivity of key ingredients contributing to ADP impact across seven confectionery products. 
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In comparison to GWP impact, the environmental hotspots are primarily due to the raw 
materials and ingredients, transport and packaging, respectively. The factors influencing raw 
materials and ingredients impact are similar to GWP impact. However, the reasons for the 
high impact at transportation stage is due to the numerous travel journeys made for many 
different ingredients sourced from different locations both within the UK and internationally. 
Whereas the reason the packaging stage has a high impact, in particular for dark chocolate 
confectionery, is due to the PET (Polyethylene Terephthalate) material used in the 
confectionery product.  
Another interesting difference between GWP and ADP impact is the disposal stage. For all 
seven confectionery products, the disposal stage contributes to improving the environmental 
impact as a large proportion of material is recycled, represented as negative value in Figure 
4. As such, further initiatives to recycle and reuse materials especially can have positive 
impact on the environment. However, further environmental and economic analysis is 
required on the reverse logistics supply chain that is created to facilitate material recovery 
and re-use. 
7.3.1.4. Land Use Impact 
Another environmental impact indicator that has formed part of previous environmental 
analysis in the food industry is land use (Foresight, 2010). The assessment and reduction of 
land use is highly important for decision makers given the finite resources available and 
multiple competitions of land use for different purposes such as human settlements, industry 
and recreation (Canals et al, 2013). A comparison of the land use impact for different 
confectionery products is shown in Figure 7.10. In addition, the sensitivity analysis of the 
contributing ingredients by by ±20% of mass weight are carried out to assess the influence on 
total land use impact, shown in Figure 7.11.
Page 187 of 320 
 
 
Figure 7. 10: A comparison of the land use impact for different confectionery products. 
 
Figure 7. 11: Sensitivity of key ingredients contributing to land use impact across seven confectionery products. 
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For the seven confectionery products, it can be seen that the dark chocolate confectionery 
has highest land use impact whereas the sugar confectionery has the lowest impact. The 
cereal-based milk chocolate confectionery has the second highest followed by carmel-based 
milk chocolate confectionery, biscuit-based confectionery, wafer-based confectionery, and 
milk-based confectionery. Overall, the dark chocolate confectionery impact is more than 
1390% of the sugar confectionery. Some of the contributing factors are common for all three 
chocolate-based confectionery products as the majority of the impact is generated at the raw 
materials stage, see Figure 7.11 of sensitive ingredients. Several common ingredients shared 
in the chocolate-based confectionery such as sugar, milk and cocoa-based ingredients have a 
relatively high land use requirement. However, the reason dark chocolate confectionery total 
impact is higher is due to the high percentage of cocoa-based ingredients. For the milk-based 
confectionery product, the majority of impacts arises from high land use requirements from 
ingredients such as sugar, dairy-based ingredients and palm oil. In addition, dairy-based 
ingredients require land for grazing and/or feed cultivation.  As such, initiatives developed as 
part of a corporate sustainability strategy should seek to work with farmers by providing 
assistance and technical training to encourage environmental reductions. 
A key finding shown in the land use impact is the positive role recycling can have on the 
environment. Similar to the ADP impact, the seven confectionery products have a positive 
impact on the environment at the disposal stage since a large proportion of material is 
recycled, represented as a negative value in Figure 7.10. Further research should be carried 
out on developing packaging materials with a high percentage of recycled material and 
seeking disposal routes higher up the waste hierarchy such as energy from food waste. 
7.3.1.5. Ecosystems Quality Impact 
Another emerging environmental impact indicator which is growing in importance for 
decision makers in the food industry is related to natural capital and biodiversity, called 
‘ecosystems quality’ (FDF, 2016). The consideration of natural capital in its widest sense and 
protection of biodiversity is primarily driven by the role nature plays in supporting a healthy 
and functioning ecosystem for food production (Bordt, 2018). A comparison of the 
Ecosystems Quality (EQ) impact for different confectionery products is shown in Figure 7.12. 
In addition, the sensitivity analysis of the contributing ingredients by ±20% of mass weight are 
carried out to assess the influence on total EQ impact, shown in Figure 7.13.
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Figure 7. 12: A comparison of the ecosystems quality impact for different confectionery products. 
 
Figure 7. 13: Sensitivity of key ingredients contributing to ecosystem quality impact across seven confectionery products. 
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A key finding is the role the factory contributes to the overall EQ environmental impact which 
is primarily driven by the energy sources such as natural gas and electricity. As such, reducing 
energy demands and considering alternative energy source may help reduce EQ impact. 
Overall, the EQ profile for different confectionery products is similar to the water depletion 
profile. As such, the contributing factors and remediation are similar such as supplier 
initiatives to reduce environmental impact, reduction in packaging weight, energy reductions 
and alternative energy sources. 
7.3.1.6. Total Environmental Impacts of Confectionery Products 
For all seven environmental impact categories, a comparison of the aggregated 
environmental impact is shown in Figure 7.14 based on equal weighting. Overall, the 
confectionery product with the highest aggregated environmental impact is the dark 
chocolate confectionery due to the high chocolate and dairy-based product content. For the 
remaining confectionery products the aggregated environmental impact from highest to 
lowest are as follows: biscuit-based confectionery, cereal-based milk chocolate confectionery, 
carmel-based milk chocolate confectionery, milk-based confectionery, wafer-based 
confectionery, and sugar confectionery, respectively.  
 
Figure 7. 14: Aggregated environmental impact after normalisation for seven confectionery products. 
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7.3.2. Benchmarking of Confectionery Environmental Impacts 
7.3.2.1. Comparison of Functional Units 
Recently, the consideration of alternative functional units based on nutrition has emerged 
compared to conventional mass basis (kg CO2-eq/kg of product) to provide a different 
perspective on the environmental life cycle impacts of food products regarding functionality. 
For example, kg CO2-eq/kg of protein, kg CO2-eq/1000 calories, kg CO2-eq/mg B12 vitamin, 
and  kg CO2-eq/mg calcium etc. (Meija et al, 2017, Saarinen et al, 2017, Sonesson et al, 2017). 
 
In this section, a range of functional units (functional unit) is explored for the first time in 
confectionery manufacturing. The aim is to understand the changes in total environmental 
impact and how this may affect communication strategies for the wider public. Compared to 
Meija et al (2017), Saarinen et al (2017) and  Sonesson et al (2017), three new functional unit 
are are also considered; serving size, 1 g of fat, and 1 g of sugar. The functional unit of 100kcal 
is also analysed. The 100 kcal is defined as the amount of confectionery product required to 
deliver 100 kcal. The serving size is defined as the recommended portion of food to be eaten 
by food manufacturers. They are typically related to nutritional value balanced across daily 
calorie intake but are not defined by any empirical formula. The 1 g of fat is defined as the 
amount of product required to consume 1 g of fat. The 1 g of sugar is defined as the amount 
of product required to consume 1 g of sugar. Overall, a comparison of the total environmental 
impact after normalisation for the different functional units are shown in Figure 7.15. 
 
Across the different functional units considered, it can be seen from Figure 7.15 that different 
functional units result in different total environmental impact. For example, in the original 
analysis, the 1 kg of packaged product showed the dark chocolate confectionery to have the 
highest total environmental impact. However, when compared with other functional units 
(e.g. 1g of sugar and serving size) the dark chocolate confectionery becomes the 2nd or 3rd 
highest. Such flexibility in selecting alternative functional units can be useful to communicate 
key messages and/or for internal audiences to reduce sugar and fat content relative to 
environmental impact reductions. 
 
Furthermore, for each product the variation of environmental impact changes to different 
degrees. For example, the least variation is generally found in the milk-based confectionery 
and sugar confectionery (standard deviation is 0.54 and 0.88, respectively). Whereas, the 
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largest variation is found in the dark chocolate confectionery and biscuit-based confectionery 
(standard deviation is 1.34 and 1.32, respectively). For the products with a large degree of 
change, the selection of functional units can have a profound impact on how environmental 
impact are communicated, especially in a comparative format. As such, it is recommended 
that environmental results are presented alongside alternative functional units to provide a 
fair comparison across different functions. 
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Figure 7. 15: Comparison of total environmental impact based on different functional units for seven confectionery products. 
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7.3.2.2. Comparison with other Food Products 
A general comparison with other food products is provided to demonstrate how the 
calculated GWP impact benchmark with other food products. A GWP impact was selected for 
comparison because this is the most common and advanced environmental indicator 
amongst LCA studies. Despite this, for such comparisons, there are major limitations due to 
differences in system boundary, life cycle impact assessment methodologies and data quality. 
Nonetheless, the comparative GWP impact for different food products is shown in Figure 
7.16. 
 
Figure 7. 16: Comparison of the GWP impacts for confectionery products highlighted in orange with other food products. (1) 
= Jungbluth and Konig, 2014, (2) = Espinoza-orias et al, 2011, (3) = Fusi et al, 2016, (4) = Rivera et al, 2014, (5) = Cirad, 2012, 
(6) = Beauchemin et al, 2010, (7) = Konstantas et al, 2017a, (8) = Nilsson et al, 2011, and (9) = Santos et al, 2017. 
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(Jungbluth and Konig, 2014). In particular, the dark chocolate confectionery products and 
biscuit-based products presented in the work is significantly different from Jungbluth and 
Konig (2014) and Konstantas et al (2017a). Further analysis of the difference between the 
values was not possible as the information presented by Jungbluth and Konig (2014) and 
Konstantas (2017a) is limited on the product recipes. It is expected the difference arises due 
to the energy mix of manufacturing, data sources and composition of ingredients. As such, 
the environmental life cycle impacts presented in the EngD project is the most transparent 
environmental LCA on confectionery products. Such information will be extremely valuable 
in the future to researchers working on improving the environmental sustainability of 
confectionery manufacturing.  
Overall, when the seven confectionery products are compared to different food products 
such as bread (Espinoza-orias et al, 2011), ready-made meals (Rivera et al, 2014), dry pasta 
(Fusi et al, 2016), bananas (Cirad, 2012), and beef (Beauchemin et al, 2010), the GWP impact 
for the confectionery products is positioned as a medium-to-low environmental impact. For 
the remaining four environmental impact, it was not possible to find a diverse range of 
comparable environmental impact. As such, future research is required to gauge how these 
environmental impact compare with other food products. 
7.3.2.3. Comparison with Other Industries 
Similar to the comparison with different food products, the environmental impact of 
confectionery products are compared with products found in different industries, shown in 
Table 7.2.  The aim of the comparison is to gauge how the calculated environmental impact 
for the confectionery products measure in relation to products found in other industries / 
sectors. The types of products listed are by no means an exhaustive list and the limitations 
highlighted in the sub-section before (7.3.2.2) remain the same. For example, identifying 
environmental hotspots will be limited due to limited scope of analysis Overall, apart from 
some exceptionally high GWP impacts products, the environmental impact of different 
products can be rated as very low (<1), low (1 – 5), medium (5 – 10), high (10 – 15) and very 
high (15+). Based on this categorisation, the calculated impacts of confectionery products 
appear to fall into the low –to –medium. In addition, the major environmental hotspots for 
confectionery products generally align to the significant environmental hotspots found for 
other manufactured-based products e.g. upstream processes such as farming and mining. 
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Table 7. 2: A comparison of GWP impacts of different products from different industries / sectors based on a functional unit of 1 kg product. 
Industry / Sector Product Scope of boundaries GWP 
(kg CO2-eq/kg product) 
Impact rating Environmental hotspots Reference 
Food 
Confectionery products Cradle-to-grave 1.77 – 6.77 Low - medium Raw materials, manufacturing and packaging Produced in this work 
Dry pasta Gate-to-distribution centre 0.432 Very low Manufacturing Fusi et al (2016) 
Bread Cradle-to-grave 1.55 Low Raw materials and use Espinoza-orias et al (2011) 
Banana Cradle-to-distribution centre 0.925 Very low Raw materials Cirad (2012) 
Ready meals Cradle-to-grave 7.77 Medium Raw materials, consumption and disposal Rivera et al (2014) 
Beef Cradle 22 Very high Cows (enteric CH4) Beauchemin et al (2010) 
Metals 
Manganese Alloy Cradle-to-gate  6.03 Medium Manufacturing (Furnace; ≈80%) Westfall et al (2016) 
Steel Cradle-to-gate 1.5 Low Coke making World Steel Association (2011) 
Lead Cradle-to-gate 1.3 Low Mining / concentrate and smelting Davidson et al (2016) 
Silver Cradle-to-gate 196 Very high Mining / concentration and purification (>90%) Nuss and Eckelman (2014) 
Ruthenium Cradle-to-gate 2,110 Very high Mining / concentration and purification (>90%) Nuss and Eckelman (2014) 
Pharmaceuticals 
Active Pharmaceutical Ingredient (API)a  Cradle-to-gate 67.6 Very high Energy production and use (65 – 85%) Wernet et al (2010) 
Acetylsalicylic acid Cradle-to-gate 9.37 Medium Bromine manufacture Alvis and Alvarez (2017) 
Energy storage 
Alkaline batteries Cradle-to-grave 4.3 Low Production (88%) Olivetti et al (2011) 
LMO battery Cradle-to-gate 11 High Raw materials Kim et al (2016) 
LMO battery Cradle-to-gate 6 Medium Manufacturing Dunn et al (2012) 
NCM battery Cradle-to-gate 18 Very high Manufacturing Ellingsen et al (2014) 
NCM battery Cradle-to-gate 22 Very high Raw materials Majeau-Bettez et al (2011) 
Petrochemicals 
Isobutyl Acetate Cradle-to-gate 3 Low None providedb Wernet et al (2009) 
Anilline Cradle-to-gate 3 Low None providedb Wernet et al (2009) 
Bisphenol A Cradle-to-gate 5.7 Medium None providedb Wernet et al (2009) 
Tetrahydrofuran Cradle-to-gate 4.2 Low None providedb Wernet et al (2009) 
Ethanol Cradle-to-gate 3 Low None providedb Wernet et al (2009) 
Furniture 
Table / Shelf Cradle-to-grave 1.81 Low Manufacturing and waste processing (95%) Wenker et al (2017) 
Wardrobe / sideboard Cradle-to-grave 2.29 Low Manufacturing and waste processing (95%) Wenker et al (2017) 
Ornamental Ceramics Plates (OCP) Manufacturing and end-of-life 1.26 Low Manufacturing (>90%) Giudice et al (2017) 
Construction 
Brick Cradle-to-grave 0.271 Low Manufacturing   Bribián et al (2011) 
Ceramic tile Cradle-to-grave 0.857 Low Manufacturing Bribián et al (2011) 
EPS foam slab Cradle-to-grave 7.336 Medium Raw materials and manufacturing Bribián et al (2011) 
Rock wool Cradle-to-grave 1.511 Low Raw materials Bribián et al (2011) 
Polyurethane rigid foam Cradle-to-grave 7.788 Medium Raw materials and manufacturing Bribián et al (2011) 
Cement Cradle-to-grave 0.819 Low Raw materials and manufacturing Bribián et al (2011) 
Concrete Cradle-to-grave 0.137 Low Raw materials and manufacturing Bribián et al (2011) 
Timber (softwood) Cradle-to-grave 0.3 Low Raw materials and manufacturing Bribián et al (2011) 
Flat glass Cradle-to-grave 1.136 Low Raw materials and manufacturing Bribián et al (2011) 
Polyvinylchloride Cradle-to-grave 4.267 Low Raw materials and manufacturing Bribián et al (2011) 
Textiles 
Flax (linen) Cradle-to-gate 13.6 High Yarn production Werf and Turunen and (2008) 
Hemp Cradle-to-gate 13.5 High Yarn production Werf and Turunen and (2008) 
Cotton Cradle-to-gate 1.037 Low Field emissions (≈68%) PE International (2014) 
a = Name of API is confidential (Wernet et al, 2010), b = Research developed a predictive tool to estimate environmental impact from cradle-to-gate based on a chemical inventory of 338 datasets,  
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7.3.4. Improvement Analysis  
Current studies have limited analysis on improvement strategies (Vesce et al, 2016; Jungbluth 
and Konig, 2014; Buser and Jungbluth, 2009; Ntiamoah and Afrane, 2008; Wallen et al, 2004; 
Nilsson et al, 2011; Wiltshire et al, 2009). As such, this section aims to considerably enhance 
knowledge of what improvement strategies are environmentally effective from a systems 
analysis perspective. Therefore, from the environmental hotspots identified in Section 7.3.1, 
the following improvement areas are explored; raw materials sourcing, renewable energy 
packaging materials, product reformulations, and zero waste to landfill. 
 
7.3.4.1. Raw Materials Sourcing  
For the seven confectionery products, a total of 19 key ingredients were identified which 
contribute to the majority of the environmental impact e.g. greater than 90%. For the key 
ingredients identified, several LCI databases were searched for the same materials but with 
lower aggregated environmental impact such as Agri-footprint LCA database (Agri-Footprint, 
2016), WFLCDB (Quantis, 2015) and Ecoinvent v 2.2 (Ecoinvent, 2016), see Appendix D. The 
selection of materials with lower aggregated environmental impact is based on the MCDA 
process described in Section 7.2.7. 
From the 19 key ingredients identified, only 7 ingredients were not changed as alternatives 
were not available in the LCI databases. Nonetheless, the ingredients that were changed have 
resulted in a considerable change in total environmental impact across all seven 
confectionery products, shown in Figure 7.17 and Table E1.6 in Appendix E. 
Page 198 of 320 
 
 
Figure 7. 17: Contribution of key ingredients in reducing aggregated environmental impact of different confectionery products. 
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On average, across all seven confectionery products, the GWP reduction is 48.8%, water 
depletion is 11.7%, ADP is 23.5%, land use is 18.1%, and ecosystems quality is 9.3%, 
respectively. The largest reduction was observed for the milk-based confectionery whereas 
the lowest reduction was seen in sugar confectionery. The majority of the changes are 
attributed to ingredients with a lower environmental impact resulting from best management 
practice for crop cultivation/processing and best management practice for manufacturing. 
Such practices include: increasing the efficiency and precision of agrochemical use, reducing 
waste, soil conversation, pest control, reducing nutrient loading and water pollution (Asare 
and David, 2011, Donough et al, 2011, Clay, 2003). In addition, some materials are replaced 
with a different ingredient belonging to same food category e.g. milk and soya. For the 
materials which have been replaced with different ingredients (e.g. soya-based instead of 
milk-based), further research is required to understand how ingredient changes impact final 
products in terms of taste, nutrition, physical appearance, shelf-life, manufacturing, and 
consumer acceptance etc.  
 
Overall, from the 19 ingredients identified only 12 were changed to lower environmental 
profiles generating considerable environmental reductions. However, further reductions may 
be possible if alternative LCI profiles are collected for the remaining 7 materials which 
includes; buttermilk, whey permeate powder, lactose powder, concentrated milk, gelatine 
powder, glucose syrup, gum Arabic, and natural flavours. Despite this, it is clear from Figure 
7.17 and previous analysis that the priority ingredients (max number of 5) to focus on should 
be as follows for the seven confectionery products shown in Table 7.3.
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Table 7. 3: Priority ingredients to reduce environmental impact at raw materials stage. 
Priority ingredients 
Sugar 
Confectionery 
Caramel-based Milk 
Chocolate 
Confectionery 
Cereal-based Milk 
Chocolate 
Confectionery 
Dark Chocolate 
Confectionery 
Biscuit-based 
Confectionery 
Milk-based 
Confectionery 
Wafer-based 
Confectionery 
Sugar 
Glucose 
Starch 
Milk powder 
Cocoa butter 
Cocoa liquor 
Milk liquid 
Sugar 
Vegetable oil 
Cocoa butter 
Milk liquid 
Sugar  
Cocoa liquor 
Cocoa liquor 
Milk powder 
Cocoa butter 
Sugar  
Vegetable oil 
Cocoa butter 
Milk liquid 
Cocoa liquor 
Sugar  
Wheat flour 
Milk powder 
Palm oil 
Sugar 
Vegetable oil 
Cocoa butter 
Milk liquid 
Sugar  
Wheat flour 
Cocoa liquor 
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7.3.4.2. Renewable Energy 
As part of reducing the environmental impact from factory operations, the integration of 
renewable energy is considered as an intervention. In this chapter, the scenario of 
transitioning to 100% renewable energy is analysed. The 100% renewable energy supply 
consists of wind energy for all the electricity, biomass for steam heating for the site and biogas 
for the gas ovens such as biscuit and wafer ovens, see Table E1.7 in Appendix E for LCI profiles. 
The change in total environmental impact before and after renewable energy application for 
the different confectionery products is shown in Table E1.8 in Appendix E. 
The integration of 100% renewable energy at factories was found to demonstrate both 
positive and negative environmental impact, shown in Figure 7.18. For all seven confectionery 
products, the ADP, LU and EQ did not improve, while the impact categories, GWP and WD are 
improved. The negative environmental impact, especially the large increase observed in EQ, 
arises from the different inventory flows found for natural gas and biomass. A contribution 
analysis of EQ impact via GaBi LCA software found the release of heavy metals, in particular 
Zinc to be considerably higher for biomass than natural gas, see Table E1.9 and E1.10 in 
Appendix E. The source was found to be the fly ash resulting from biomass combustion (Zhang 
et al, 2014, Wiinikka et al, 2013, Demibras, 2005). In this case, the consideration of biomass 
energy would require changes in fuel types, modifications to the combustion technology and 
particle removal technologies to ensure environmental pollutants are reduced e.g. improving 
combustion efficiency, pyrolysis, scrubbers, Electrostatic Precipitators (ESP) (Sikarwar et al, 
2016, Kovacs and Szemmelveisz, 2016, Sadhukhan et al, 2014). However, further research is 
required to ensure any improvements are across all five environmental impact categories and 
not just in one area such as GWP by adopting a systems analysis approach such as LCA. 
Alternatively, the adjustment of weights for each environmental impact category can be 
applied to change the importance of different environmental impact category by a rank 
preference system (Ren et al, 2015, Kim et al, 2013). For example reducing the significance of 
EQ. However, such attributions are open to debate since the importance varies from across 
different stakeholders (Azapagic et al, 2016).  
Another approach can be to accept the environmental damage but to allocate a cost for the 
environmental pollution to be remediated in the future e.g. carbon tax. However, in this case 
study, the development of the cost for EQ damage resonates with valuing natural capital. 
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Such assessment tools are based on a Willingness-To-Pay principle and are still under 
development (Bordt, 2018, Natural Capital, 2016, Nomura and Akai, 2004) 
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Figure 7. 18: Contribution of different environmental impact categories on total change from the transition to 100% renewable energy. 
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7.3.4.3. Packaging Materials 
Similar to raw materials sourcing, the packaging materials have been changed to materials 
with a lower aggregated environmental impact where available in the same LCI databases. 
From the 5 packaging materials identified, only one material was kept the same, see Table 
E1.11 in Appendix E. Nonetheless, the packaging materials that were changed has resulted in 
a mix change in total environmental impact across all seven confectionery products, shown 
in Table E1.12 in Appendix E. On average, across all seven confectionery products, the GWP 
is increased by 0.6%, water depletion decreased by 8.1%, ADP increased by 13.6%, land use 
increased by 2.7%, and ecosystems quality decreased by 9.4%, respectively. As an example, a 
contribution analysis of ADP for the alternative corrugated board found copper and gold 
elements to be latgely responsible (e.g. 56%) for the increased ADP, see Table E1.13 in 
Appendix E. The main sources for heavy metals can be found from the use of colorants (e.g. 
paints and pigments) (Metoglu-Elmas, 2017). Alternatively, packaging materials based on 
biomaterials could potentially reduce environmental impacts but requires a systems analysis 
approach to ensure reductions are made across all five environmental impact categories 
(Saraiva et al, 2016, McDevitt and Grigsby, 2014, Yates and Barlow, 2013). As such, further 
research is required to develop packaging materials that have a lower concentration of heavy 
metals and reduce the overall environmental impact by designing packaging materials for the 
environment (D4E) (UNEP, 2009).  
7.3.4.4. Product Reformulations  
From the sensitivity analysis of key ingredients, it can be seen that changing the %weight of 
different ingredients may or may not increase the environmental impact i.e. zero-sum. This is 
because other ingredients will need to be compensated by increasing to ensure the functional 
unit is satisfied. However, in reality, the reformulation of a product would involve multiple 
dimension not just related to environmental impact but other factors related to product 
quality, taste, and processing conditions. Despite this, a simple analysis is performed to 
illustrate the impact of product reformulations on environmental impact. For the seven 
confectionery products, the ingredient that showed the largest sensitivity is considered; 
glucose for sugar confectionery, milk crumb for carmel-based milk chocolate confectionery, 
cereal-based milk chocolate confectionery, biscuit-based confectionery, wafer-based 
confectionery, sugar for dark chocolate confectionery and palm oil for the milk-based 
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confectionery. Thus, the %weight of the selected ingredient (xf) is reduced by 20%. For the 
other ingredients (xx, x2, x3, etc.), the %weight is readjusted by the factor (RF) calculated in 
Equation 7.3. 
𝑅𝐹 =
1 − (1.2𝑥𝑖𝑛𝑔𝑟𝑒𝑑𝑖𝑒𝑛𝑡 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑)
(𝑥1 + 𝑥2 + 𝑥3 + ⋯ )
                                  (𝐸𝑞 − 7.3) 
The change in total environmental impact before and after product reformulation application 
for the different confectionery products is shown in Table E1.14 in Appendix E. It can be seen 
that the application of product reformulation has resulted in low to modest reductions. On 
average, across all seven confectionery products, the GWP has reduced by 4.4%, water 
depletion reduced by 0.7%, ADP reduced by 3.4%, land use reduced by 7.6%, and ecosystems 
quality had no change, respectively. The largest reduction was observed for the milk-based 
confectionery whereas the lowest reduction was seen from cereal-based milk chocolate 
confectionery. Overall, further research is required to investigate the implications of product 
reformulations across multiple dimensions as part of an integrated product design process. 
7.3.4.5. Food Waste Reduction from Factory to Consumer Boundary 
Across the confectionery supply chain, there are several stages where food waste is generated 
and sent to landfill and incineration. In this section, three scenarios are investigated to analyse 
the environmental benefits of different food waste reduction strategies that are aligned with 
the food waste target by the UK Food and Drink Federation (FDF, 2016). These are: (1) zero 
food waste sent to landfill, (2) 50% food waste reduction, and (3) combined 50% food waste 
reduction with zero food waste sent to landfill. It is assumed, the alternative route to divert 
food waste from landfill is waste incineration with energy recovery. A comparison of the 
aggregated environmental impact is shown in Figure 7.19 and across five environmental 
impact categories in Table E1.15 in Appendix E.  
 
Figure 7. 19: Comparison of food reduction options on reducing total GWP for different confectionery products. 
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Overall, it can be seen that the application of a zero food waste to landfill strategy involving 
different scenarios has resulted in very low reductions in aggregated environmental impact. 
For example, the best scenario of combining zero food waste and 50% food waste generation 
offers the highest reductions with an average of 2.68% across the seven confectionery 
products. Clearly, a food waste reduction strategy involving the different scenarios does not 
yield the highest environmental reductions compared to other interventions such as raw 
material changes and integration of renewable energy. Even more so, the environmental 
reductions are not expected to increase considerably even if the food waste from farms and 
agricultural processing was included. Despite this, food waste is a major problem in society 
(Kummu et al, 2012). There are many reasons to pursue reductions irrespective of the 
environmental benefits such as food security, reduced costs, resource efficiency, and 
consumer behaviour change. 
7.3.4.6. Comparison of before and after Improvements 
The combined impact of the five improvement strategies shows mixed environmental 
reduction across all five environmental impact categories for the different confectionery 
products, see Figure 7.20 and Table E1.16 in Appendix E.  This is primarily due to the 
renewable energy, packaging materials and product reformulations having a negative impact 
for some confectionery products. As such, a new graph has been developed which shows the 
strategies demonstrating an aggregated environmental impact reduction only, shown in 
Figure 7.21 and Table E1.17 in Appendix E. Overall, the aggregated environmental impact 
before and after improvement strategies shows an average reduction of 48% is possible 
across the seven confectionery products (Figure 7.21). The major interventions to achieve this 
is from sourcing raw materials with lower environmental impact, product reformulations and 
combined zero food waste to landfill and 50% food waste reduction. The role of renewable 
energy and packaging materials are still important but requires further research to investigate 
alternative energy and materials with lower environmental impact across all five 
environmental impact categories.  
Overall, for the seven confectionery products, the strategies recommended are based on their 
scope for environmental reductions shown in Table 7.4. 
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Table 7. 4: Recommended improvement strategies to reduce environmental impact across all seven confectionery 
products. 
Improvement strategy 
Confectionery product 
Sugar 
confectionery 
Carmel-based 
milk 
chocolate 
confectionery 
Cereal-based 
milk 
chocolate 
confectionery 
Dark 
chocolate 
confectionery 
Biscuit-based 
confectionery 
Milk-based 
confectionery 
Wafer-based 
confectionery 
Raw materials sourcing YES YES YES YES YES YES YES 
50% food waste reduction + 
Zero food waste to landfill 
YES YES YES YES YES YES YES 
Product reformulations STFA YES YES YES YES YES YES 
Renewable energy integration at 
manufacturing 
STFA STFA STFA STFA STFA STFA STFA 
Packaging materials STFA STFA STFA STFA STFA STFA STFA 
STFA = Subject to further analysis 
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Figure 7. 20: Comparison of aggregated environmental impact before and after improvement strategies. 
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Figure 7. 21: Comparison of improvement strategies with a reduction in aggregated environmental impact across confectionery products. 
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7.4. Conclusions 
This chapter makes several original contributions to the existing body of literature. It presents 
the first environmental LCA for a range of different confectionery products produced by the 
same factory. These products include sugar confectionery, dark chocolate confectionery, 
caramel-chocolate based confectionery, cereal-chocolate based confectionery, wafer-
chocolate based confectionery, biscuit-chocolate based confectionery, and milk-based 
confectionery. 
 
The methodology adopted to analyse the environmental impact of confectionery products 
has several novel features. These include; (1) a range of products representing the core 
product categories found in the confectionery industry, (2) full confectionery supply chain 
analysis from cradle-to-grave, (3) inclusion of pre-processing stages for chocolate pre-cursors, 
(4) inclusion of food and packaging waste, (5) five environmental impact categories (GWP, 
water depletion, ADP, land use and ecosystems quality) which are more aligned with metrics 
used in the food industry, and (6) multi-criteria decision analysis (MCDA) to aggregate 
environmental impact to aid decision-making.  
 
The analysis of seven confectionery products at the Case Factory found that sugar 
confectionery had the lowest aggregated environmental impact compared to dark chocolate 
confectionery, which had the highest. Some of the key factors contributing to the difference 
was primarily due to the ingredients such as cocoa liquor, milk powder, and cocoa butter for 
dark chocolate confectionery. In comparison, sugar, glucose and starch were major 
contributing factors for sugar confectionery. Overall, a range of key ingredients were 
identified which are recommended for confectionery manufacturers to focus on as part of 
their sustainability strategy. Such ingredients include sugar, glucose, starch, milk powder, 
cocoa butter, cocoa liquor, milk liquid, wheat flour and palm oil. 
 
Furthermore, the general environmental hotspots across all seven confectionery products 
were found to occur at the following life cycle stages: raw materials, factory, and packaging. 
An analysis of five improvement strategies (alternative raw materials and packaging 
materials, renewable energy, product reformulations, and zero food waste to landfill) showed 
a range of mixed improvements were possible as interventions. Both renewable energy and 
packaging materials generated positive and negative environmental impact. Further analysis 
is required in order to develop lower environmental interventions across all five 
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environmental impact categories. Overall, the key interventions resulting in the largest 
reductions (average of 48%) were from sourcing raw materials with lower environmental 
impact, product reformulations and combined zero food waste to landfill and 50% food waste 
reduction. 
 
Furthermore, at the factory stage, it was found that direct energy (e.g. natural gas) accounts 
for 66% of the GWP impact, whereas direct water consumption accounts for less than 1%. 
The remaining 99% of indirect water is from the energy sources off-site such as power plants. 
As such, there is considerable scope to reduce GWP and water depletion impacts by reducing 
energy demand and potentially changing energy sources to renewable energy. 
 
Lastly, an investigation of different functional units (e.g. 1kg of packaged product, 100 kcal, 
serving size, 1g of fat, and 1g of sugar) has shown that the selection of functional units can 
have a profound impact on how environmental impact is communicated, especially in a 
comparative format. As such, food manufacturers should explore different functional units to 
understand the wider implications on public communications and consumer understanding. 
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Chapter 8: From Factory to Supply Chain: Evaluating the 
Environmental Life Cycle Benefits of Engineering and 
Supply-chain Improvements in Multi-product Factories 
8.1. Introduction 
The key aim of this chapter is to present an evaluation framework on the environmental life 
cycle benefits of engineering and supply-chain improvements considered at the factory level. 
A novel methodological framework has been developed, which can be applied or adapted to 
evaluate life cycle impacts of confectionary products at a factory level. The original 
contributions of this work are: 
(1) Factory level environmental impact by expanding the scope of analysis based on 
the annual production volumes;  
(2) Guidance for decision-makers by the development of a multi-staged approach; 
(3) A holistic environmental impact assessment that goes beyond LCI or mass and 
energy input/output data collection, which is the most common industrial practice;  
(4) Assessment of multi-products to represent factory product portfolio; and 
(5) Comparison of environmental improvements at factory level, such that a 
comparison of environmental performances between various factories can be 
made.  
The chapter starts with a literature review of LCA at multiple scales in Section 8.2. This is 
followed by a proposed methodology to evaluate engineering and supply-chain 
improvements at a factory level in Section 8.3. An application of the methodology based on 
the Case Factory is presented in Section 8.4. A discussion of the proposed methodology is 
provided in Section 8.5. Lastly, conclusions are provided in Section 8.6. 
8.2. Literature Review 
8.2.1. Life Cycle Assessment at Multiple Scales – Product, Factory, Brand, 
Company  
Currently, the theory and practice of LCA is primarily at the product/technology level to 
evaluate and identify environmental impact and improvements, especially with the 
development of Environmental Product Declarations (EPDs) and Product Category Rules (PCR) 
(The International EPD System, 2014, EC, 2012). Such EPDs and PCRs provide a standardised 
approach to assess the environmental impacts of specific product categories. However, the 
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consideration of environmental impact from a single product assessments perspective can 
provide a disjointed overview of environmental impact and does not necessarily provide a 
reliable source to inform policy making at higher spatial scales of operations (Meinrenken et 
al, 2014). For example, how does capital investment in environmental initiatives affect the 
environmental life cycle impacts? How does reducing the food waste in the supply chain affect 
environmental life cycle impacts? Moreover, how can we identify major suppliers that affect 
the environmental impact of an organisation?  
It is only in recent times has the development of different methodologies emerged for LCA at 
different scales of applications such as product portfolios representing brands, factory and 
company level (Zvezdov and Hack, 2016, Sengupta et al, 2015, UNEP, 2015; ISO, 2014; 
Meinrenken et al, 2014; Canals et al, 2011). Such methodologies are important because they 
can provide operational and strategic benefits such as (UNEP, 2015):  
• Gain insight into internal operations 
and value chain 
• Identify environmental hotspots 
• Understand risks and impact 
reduction opportunities 
• Track environmental performance 
• Support strategic decision making  
• Improve organizational procedures  
• Reduce operational costs 
• Establish a basis for environmental communication 
with stakeholders and reporting 
• Show environmental awareness with marketing 
purpose 
• Reduce pressure on the environment 
At the organisational level, the UNEP (2015) and ISO (2014) provide guidance on how to 
conduct an ‘Organisational LCA’ (O-LCA). In this case, the aim is to evaluate the environmental 
impact associated with the whole organisation from cradle-to-grave. For example, Neppach 
et al (2017) attempted to assess the organisational environmental footprint of a construction 
company in Germany.  
Canals et al (2011) and Meinrenken et al (2014) carried out a carbon footprint at the product 
portfolio / brand level. For both methodologies, modular systems were generated to 
represent core products and processes to aid fast assessments. Canals et al (2011) selected 
the top 10 products representing the product portfolio of 7,500 product types. Meinrenken 
et al (2012) selected 20 products that was deemed to represent 1,137 products. However, 
their methodologies showed a high degree of variability ranging from 10% - 60% leaving scope 
for further improvement.  
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Furthermore, Zvezdov and Hack (2016) adopted a methodology based on enterprise Resource 
Planning (ERP) systems to assess the carbon footprint of large product portfolios. In this 
approach, the existing information systems of a company was leveraged to calculate the 
carbon footprint of large product portfolios on a regular basis e.g. 35,000 SKUs. However, only 
carbon dioxide was considered as the environmental impact. 
Overall, there have been several attempts to develop LCA methodologies at different scales. 
However, due to the broad scopes, the aforementioned methodologies did not consider the 
factory level. As a result, there is no demonstration of the effectiveness of the existing 
methodologies and no environmental impact assessment across different environmental 
impact categories of a multi-product factory across the full life cycle. Thus, it can be concluded 
that there is currently no LCA methodology that represents the environmental impact from a 
multi-product factory such as confectionery factories. Such a methodology is important 
because the manufacturing site represents the core activity of a manufacturing company 
where products are created and undergoes regular capital investment to improve. For 
example, across Europe there are 12,700 confectionery manufacturers producing a diverse 
range of confectionery products, especially for multi-product factories. In addition, it can 
provide a factory manager, engineers and environmental manager critical information on how 
to reduce and improve the environmental life cycle impacts of a multi-product factory. 
8.2.2. Summary of Gaps in Knowledge  
The literature review on LCA at multiple scales has highlighted major gaps in knowledge on 
evaluating environmental impact associated with the operations at a factory level, and across 
different environmental impact categories. This is important because factories represent the 
direct operations of a manufacturing company where operational/engineering changes can 
influence the environmental life cycle impacts. There are several research questions at the 
factory level, such as follows, that need development of a more bespoke methodology: 
(1) What are the key products required to represent the environmental impact at a 
factory level producing many products? 
(2) How can factory operations be modelled for LCIA? 
(3) What level of data and time is required to carry a factory level LCIA?  
(4) What is the role of environmental interventions on reducing environmental impact of 
a factory? 
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8.3. Methodology  
8.3.1. Overview of the Proposed Methodology 
The development of the new methodological framework is based on LCA principles (LCA) (ISO, 
2006). The proposed life cycle approach is underpinned upon the experiences drawn from 
different factories and Chapters 6 and 7 (Miah et al, 2015a, Miah et al, 2017). The novel 
feature that distinguishes the proposed methodology from previous researchers (Zvezdov 
and Hack, 2016, Sengupta et al, 2015, UNEP, 2015; Meinrenken et al, 2012; Canals et al, 2011) 
is the scale of application i.e. operational impacts associated with a factory. Such a 
methodology is important for three main reasons: 
(1) The supply chain structure of food products is designed by food companies based 
on their existing factories. As such, the factory can play a strong role on the 
environmental performance of supply chains. 
(2) Factories represent the direct operations of a manufacturing company where 
operational/engineering changes via economic investment can influence the 
environmental life cycle impacts.  
(3) Manufacture of multi-products will likely increase in the future due to increasing 
costs to manufacture from separate factories. 
The primary aim of the proposed methodology is to evaluate environmental life cycle benefits 
of engineering and supply-chain improvements at food factories. However, the methodology 
can be applied for other purposes such as: (1) measuring the environmental sustainability of 
food factories, (2) identifying key products to focus environmental reductions, and (3) 
comparing environmental impact between products and between factories. 
The methodological framework contains five stages as shown in Figure 8.1 which begin by 
rationalising the factory SKU portfolio. This is followed by the identification of the profiles of 
key customers, suppliers and consumers. The rationalised data is then input into a life cycle 
chain model. At a factory level, the different production lines are modelled to determine 
ingredients and packaging proportions that are input into the life cycle chain model. The 
collected LCI data is input into the life cycle chain model and the environmental life cycle 
analysis at a factory level is carried out. The last stage is to evaluate the engineering 
improvements or other environmental initiatives to determine the environmental life cycle 
benefits. These stages are explained in the following subsections.
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Figure 8. 1: Proposed LCA-based approach to measure the environmental sustainability of food factories. 
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8.3.2. Stage 1: Selecting Key Products from the Factory SKU Portfolio 
The first step is to identify key products from the factory SKU portfolio representative of the 
whole factory over the course of a year. A SKU is defined as a product variation where the 
product size and pack format varies e.g. single confectionery bar or a multi-pack of 
confectionery bars. A list of SKUs can be obtained from the factory production team and 
separated into similar product group’s e.g. similar core product. From the product groups, the 
major SKUs for different packaging types can be selected based on a Pareto analysis of the 
SKU production volumes that can be extracted from production and sales records. The final 
output is a reduced number of SKUs that act as the reference product for the key product 
category throughout the whole LCA, shown in in Figure 8.2.  
 
Figure 8. 2: Procedure to reduce factory SKU portfolio to major SKUs representative of the whole factory. 
Based on the reference list of SKUs, the product recipe and packaging specification can be 
extracted from the production specialists at the food factory. The product recipe will provide 
the list of ingredients and their percentage weight. The packaging specification will provide 
the list of packaging materials (primary, secondary and tertiary packaging) and their 
percentage weight. The final output is a combined list of ingredients and packaging materials 
with their relative percentage weight of the final product weight. 
8.3.3. Stage 2: Rationalisation and Selection of Major Supply Chain Actors 
This stage involves several steps across four life cycle stage actors that are consumer and 
disposal, customers and suppliers. 
8.3.3.1. Consumer and Disposal Selection Process 
From the reference list of SKU products, the consumer profile can be determined by the 
marketing and sales team in the food manufacturing company and from retailers, as they will 
have the highest level of insights into consumers’ profiles. Based on confectionery products 
as an example, the profile of a confectionery consumer can include people from all ages and 
backgrounds from children to adults. As most confectionery products are ‘ready to eat’, they 
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do have short shelf-lives, and consumers are not expected to carry out any processes before 
consuming them. In this particular scenario, consumer behaviour regarding transportation 
from point of consumption (customer store location) to consumption, food waste and 
disposal of packaging are the relevant parameters to be evaluated. For example, the 
behaviour from and to the point of purchase (customer store location) to consumption can 
vary in terms of transport, storage of product and consumption.  
 
Based on the consumer profile, the disposal routes can be determined based on national 
waste statistics (EA, 2014) coupled with further engagement with waste service providers that 
operate on a local or national level.  For confectionery products, the disposal includes food 
waste from gate-to-disposal and packaging as described in Chapter 7. 
8.3.3.2. Customer Selection Process 
From the reference list of SKU products, the customers’ groups can be determined based on 
sales and logistics data in the food manufacturing company. For each of the reference SKUs, 
it is possible to extract delivery data that will include the weight of the product delivered to 
specific customers. Over the course of a year, it will be possible to aggregate the delivery data 
for specific customers where a Pareto analysis can then be used to identify the major 
customers for the reference SKU. Based on the customer identified, the distance and 
transportation mode can be determined with the logistics team in the food manufacturing 
company. Typically, for confectionery products, the type of customers can range from 
retailers, wholesalers, and newsagents. 
8.3.3.3. Supplier Selection Process 
From the combined list of ingredients and packaging materials, a range of suppliers can be 
identified by the procurement team in the food manufacturing company. Based on the 
reference list of SKU products, the list of ingredients and packaging materials for each SKU 
can be combined as there may be common ingredients and packaging materials. As such, at 
a factory level there will be one list of ingredients and packaging materials that are sourced 
from a range of suppliers and managed by the procurement team. Over the course of a year, 
the amount of materials procured can be aggregated for different suppliers. A Pareto analysis 
can then be performed for each ingredient and packaging materials to select the major 
supplier, an example is shown in Figure 8.3 for sugar ingredient. 
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Figure 8. 3: Split of sugar ingredient procured across different suppliers. 
Once the major supplier is selected, the distance and transportation mode can be determined 
with the logistics team in the food manufacturing company. 
8.3.4. Stage 3: Modelling Factory Production Lines and Extracting LCI Data 
This stage involves developing models of production lines to determine the percentage 
weight of ingredients and packaging materials over the course of a year for the reference SKU 
products. At a factory level, there will be a range of different production lines comprised food 
processing technologies and packaging machines. The production line may be a continuous 
line from start to finish in terms of processing ingredients all the way to the final packaged 
food product. Alternatively, different parts of the product can be manufactured on separate 
production lines that are stored and then processed later on a different production line. 
Depending on the diversity of products manufactured there could be several production lines 
for each reference SKU and/or shared by a range of SKUs. The process to model production 
lines is based on material balances by drawing via Microsoft Excel block diagrams of the 
productions lines with the support of production specialists and engineers at the food factory. 
The list of ingredients and packaging materials generated in Section 8.3.3 is attached to the 
block diagrams alongside equipment throughputs. The final output is the total weight of 
ingredients and packaging materials required for each reference SKU product. 
For the list of ingredients and packaging materials for each reference SKU product, a search 
within commercial LCI databases such as Ecoinvent v2.2 (Ecoinvent, 2016) and World Food 
Life cycle Database (WFLDB, 2015) can determine if the LCI profile is available. If not, a similar 
material can be substituted or requested directly from supplier. In order for a LCA to be 
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Supplier 
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compliant with the ISO 14004 (2006) it is recommended that there must be at least 95% data 
coverage. For the list of ingredients and packaging materials for each reference SKU product, 
the percentage weight of each ingredient and packaging material can be prioritised to cover 
95% data coverage. If the prioritised material is not found in commercial LCI databases then 
a literature search can be carried out. The alternative is to directly request environmental 
data from customers, consumers, suppliers and waste disposal companies that have been 
described in Chapter 6.  
8.3.5. Stage 4: Environmental Life Cycle Analysis at Factory Level – Baseline 
Performance  
This stage involves creating a life cycle chain model for environmental analysis to be carried 
out. The life cycle chain model is a collection of all the different LCA stages considered within 
the scope of the LCA. In this thesis, the scope of the LCA is ‘cradle-to-grave’ and includes all 
the following LCA stages: raw materials and ingredients, packaging, pre-processing, 
manufacturing, distribution and retail, consumption, and disposal. Further descriptions of the 
various LCA stages can be found in Chapter 7. The life cycle chain model is created in Microsoft 
Excel where all data extracted and generated from previous stages are incorporated and 
proportioned based on the functional unit. The functional unit is based on two levels; product 
and factory. For the product level, the functional unit is defined as the ‘production of 1000 kg 
of packaged confectionery product’. The functional unit is a suitable unit since food factories 
measure production volumes in terms of 1000kg or tonnages. For the factory level, the 
functional unit is scaled up based on annual production volumes to represent environmental 
impact at the factory level 
 
Based on the LCI profiles extracted during Stage 3, the profiles can be further modified to 
align with environmental impact relevant to the food manufacturing company to enhance 
environmental sustainability performance. In this thesis, the LCI profiles are further modified 
to estimate a range of environmental impact which are recognised by Nestlé’s EcodEX LCA 
tool, described in Chapter 7. Once the environmental impact are calculated for each reference 
SKU product, the impact is aggregated and scaled up to represent the factory production 
volumes of the product groups, respectively. The final output is the environmental impact at 
a factory level for the reference list of SKU products. 
 
 Page 221 of 320 
 
8.3.6. Stage 5: Evaluating Environmental Initiatives  
Once the environmental analysis at a factory level is carried out, a baseline is formed where 
a range of environmental initiatives can be evaluated to determine the life cycle benefit. The 
following scenarios is considered within this research:  
Scenario 1: Energy reductions from the proposed heat integration solutions described in 
Chapter 4. Some assumptions include: 
• Natural gas supplied by independent gas company which provides all heating and 
direct gas consumption for gas ovens used for baking. 
• Electricity supplied by independent electricity company from the national electricity 
grid. All electricity is used for manufacturing operations. 
Overall, the energy reductions pathway is shown in Figure 8.4. 
 
Figure 8. 4: Energy reduction from heat integration at factory level. 
Scenario 2: Energy reductions from the proposed heat pump solutions described in Chapter 
5. The assumptions and boundaries for natural gas and electricity are the same as Scenario 1. 
The energy reductions pathway is shown in Figure 8.5. 
 
Figure 8. 5: Energy reduction from heat pump technology at factory level. 
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Scenario 3 and 4: Transition of energy sources to 100% renewable energy based on existing 
energy demand across a range of renewable energy technologies for Case Factory, see Table 
F1.4 for LCI profiles in Appendix F. The key difference between scenario 3 and 4 is solar 
thermal energy is used to provide heating instead of biomass. Some assumptions include: 
• Biogas is generated on-site and provides the fuel for all gas ovens. 
• Biomass and solar thermal energy is generated on-site and provides for all heating 
applications either by steam or hot water. 
• Wind energy is generated off-site and provides all electricity supply.  
Overall, the 100% renewable energy transition pathway is shown in Figure 8.6.  
 
Figure 8. 6: Two different scenarios for transition to 100% renewable energy. 
Scenario 5: A 50% energy reduction combined with a transition to 100% renewable energy. 
The combined energy reductions and transition pathway to 100% renewable energy is shown 
in Figure 8.7. The assumptions and boundaries for biogas, solar thermal and wind are the 
same as Scenario 4. 
 
Figure 8. 7: Combined 50% energy reduction with transition to 100% renewable energy. 
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Scenario 6: For illustrative purposes, the scenario of combining the reduction of food waste 
by 50% with zero waste to landfill is evaluated at a factory level as shown in Chapter 7.   
Scenario 7: For Scenario 7, the role of raw material changes as shown in Chapter 7 is evaluated 
at a factory level to either guide decision-making towards factory or supply chain investment 
to improve the environmental sustainability performance of confectionery manufacturing. 
The raw materials identified in Chapter 7 are applied for this case scenario. 
8.4. Results  
This section is split into four parts. The first part presents selected results from Stage 1, 2, and 
3 within the description of the case study. The second part presents the main environmental 
impact at both the product and factory level from Stage 4. The third part presents the 
environmental impact from evaluating the environmental life cycle benefits of engineering 
and supply chain improvements from Stage 5. The last part compares the robustness and 
reliability of the proposed methodology with two alternative methods. 
8.4.1. Part 1: Description of Case Factory and Results of Stage 1, 2 and 3  
The Case Factory is a multi-product Nestlé confectionery factory in the UK that manufactures 
thirteen different brand products that are sugar, chocolate, biscuit-based and milk-based 
utilising a diverse range of food processing and packaging technologies. The thirteen brand 
products comprise of 133 SKUs spread across sugar, chocolate, fine bakery ware and milk-
based products. The application of the rationalisation process described in Stage 1 has 
reduced the factory SKU portfolio from 133 SKUs to 20 key SKUs, shown in Figure 8.8. The key 
SKUs act as the reference list of SKU products throughout the case study. The LCI data can be 
found in Appendix F. 
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Figure 8. 8: Rationalisation process applied to case study to select key reference SKUs. 
Based on the 20 reference SKUs, the combined list of ingredients and packaging materials 
represented 147 materials of which 98 were ingredient materials and 49 were packaging 
materials. The 147 materials are sourced from 67 different suppliers located across 19 
countries, as described in Chapter 6. In addition, the average number of customers for a 
reference SKU exceeds 300 customers spread across retailers, wholesalers and newsagents. 
It was found that the major customers were retailers. 
8.4.2. Part 2: Results of Stage 4 – Environmental Impacts at a Factory Level 
For the 20 reference SKUs, the environmental impact are presented at both the product and 
factory level to demonstrate how the different scale of applications affect the environmental 
impacts, shown in Figure 8.9 for GWP, Figure 8.10 for water depletion, Figure 8.11 for ADP, 
Figure 8.12 for land use, and Figure 8.13 for Ecosystems quality (FWB = Fine Bakery Ware, MB 
= Milk-based). A detailed analysis of the different environmental impact, hotspots and 
improvements are not discussed here since a comprehensive overview was presented in 
Chapter 7 for the core products found in the Case Factory. A summary of the key findings are 
shown in Table 8.1. 
Overall, at a product level, across five environmental impact categories, fine bakery ware 
products were found to have the highest aggregated environmental life cycle impacts. On 
average, based on a functional unit of 1 tonne of product, the fine bakery ware products were 
higher than chocolate products by 7.1%, milk-based products by 18%, and sugar by 51.9%. 
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In comparison, at a factory level, it was found that chocolate products generally account for 
the majority of the environmental impact at a factory level whereas milk-based products are 
the lowest, shown in Figure 8.14. The difference between product and factory level is 
primarily due to the production volumes of the different confectionery products. Overall, a 
summary of the total factory level impacts for all five impact categories are shown in Table 
8.2 in absolute terms and in Table 8.3 as a percentage of the total impact.
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Figure 8. 9: Comparison of GWP impact for twenty reference SKU products shown as: (a) functional unit level of 1000 kg packaged product and (b) factory level. 
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Figure 8. 10: Comparison of water depletion impact for twenty reference SKU products shown as: (a) functional unit level of 1000 kg packaged product and (b) factory level.     
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Figure 8. 11: Comparison of ADP impact for twenty reference SKU products shown as: (a) functional unit level of 1000 kg packaged product and (b) factory level. 
 Page 229 of 320 
 
 
Figure 8. 12: Comparison of land use impact for twenty reference SKU products shown as: (a) functional unit level of 1000 kg packaged product and (b) factory level. 
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Figure 8. 13: Comparison of ecosystems quality impact for twenty reference SKU products shown as: (a) functional unit level of 1000 kg packaged product and (b) factory level. 
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Figure 8. 14: Comparison of aggregated environmental impact for twenty reference SKU products shown as: (a) functional unit level of 1000 kg packaged product and (b) factory level.
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Table 8. 1: Key findings of comparing twenty references SKUS at the product and factory level. 
Environmental 
impact 
category 
Key findings 
GWP 
• Sugar products are the least intensive compared to chocolate and biscuit products.  
• Chocolate products are the most damaging to the environment  
• Average GWP impacts of sugar products are 1,800 kg CO2-eq per tonne of product 
• Average GWP impacts of chocolate products are 5,589 kg CO2-eq per tonne of product 
• Average GWP impacts of biscuit products are 5,162 kg CO2-eq per tonne of product 
• Average GWP impacts of milk-based products are 4,258 kg CO2-eq per tonne of product 
• Chocolate products account for 65.8% across the whole supply chain at a factory level. In 
comparison, the biscuit products account for 19.7%, sugar products account for 13%, and 
milk-based products account for 1.5%.  
Water  
depletion 
• Sugar products are the most intensive compared to chocolate and biscuit products. In 
addition, the total impacts for chocolate and biscuit products are generally the same.  
• Average water depletion impacts of sugar products are 1,196 m3 per tonne of product 
• Average water depletion impacts of chocolate products are 1,021 m3 per tonne of product 
• Average water depletion impacts of biscuit products are 1,253 m3 per tonne of product 
• Average water depletion impacts of milk-based products are 1,048 m3 per tonne of product 
• Sugar products account for 37.2% across the whole supply chain at a factory level. In 
comparison, the chocolate products account for 43.5%, biscuit products account for 17.8%, 
and milk-based products account for 1.4%. 
ADP 
• Sugar products are the least intensive compared to chocolate and biscuit products  
• chocolate products are the most damaging to the environment  
• Average ADP impacts of sugar products are 4.64 kg Sb per tonne of product 
• Average ADP impacts of chocolate products are 7.76 kg Sb per tonne of product 
• Average ADP impacts of biscuit products are 5.56 kg Sb per tonne of product 
• Average ADP impacts of milk-based products are 7.17 kg Sb per tonne of product 
• Chocolate products accounting for 64.6% across the whole supply chain at a factory level. In 
comparison, the sugar products account for 20.1%, biscuit products account for 13.6%, and 
milk-based products account for 1.7%. 
Land use 
• Sugar products are the least intensive compared to chocolate and biscuit products.  
• Chocolate products are the most damaging to the environment in regards to the land use 
impact. 
• Average land use impacts of sugar products are 313 m2 per tonne of product 
• Average land use impacts of chocolate products are 4,026 m2 per tonne of product 
• Average land use impacts of biscuit products are 3,824 m2 per tonne of product 
• Average land use impacts of milk-based products are 2,551 m2 per tonne of product 
• Chocolate products accounting for 74.3% across the whole supply chain at a factory level. In 
comparison, the biscuit products account for 21%, sugar products account for 3.3%, and milk-
based products account for 1.4%. 
Ecosystems  
quality 
• Chocolate products are the least intensive compared to sugar and biscuit products.  
• Sugar products are the most damaging to the environment in regards to ecosystems quality 
impact. 
• Average land use impacts of sugar products are 1,142 PDF.m2.year per tonne of product 
• Average land use impacts of chocolate products are 865 PDF.m2.year per tonne of product 
• Average land use impacts of biscuit products are 1,164 PDF.m2.year per tonne of product 
• Average land use impacts of milk-based products are 1,030 PDF.m2.year per tonne of product 
• Chocolate products and sugar products accounting for 42.2% and 37.1% across the whole 
supply chain at a factory level, respectively. In comparison, the biscuit products account for 
19.2% and milk-based products account for 1.5%. 
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Table 8. 2: Summary of factory level environmental impact in absolute terms.   
LCA stage 
GWP (kg) Water depletion 
(m3) 
ADP  (kg Sb) Land use (m2) Ecosystems quality 
(PDF * m2 * year) 
Raw materials 1.38E+08 2.09E+07 2.45E+05 1.33E+08 1.18E+07 
Packaging 4.37E+06 3.69E+06 7.80E+03 1.02E+06 3.89E+06 
Pre-processing 3.15E+06 2.93E+06 1.89E-01 4.50E+04 3.22E+06 
Manufacturing 2.70E+07 2.27E+07 1.57E+00 4.45E+05 2.57E+07 
Distribution and retail 6.36E+04 5.14E+02 4.66E+02 1.02E+03 3.04E+03 
Consumption  None None None None None 
Disposal 2.98E+06 -2.18E+04 -7.43E+03 -1.19E+07 4.95E+04 
Transportation 4.73E+06 3.25E+05 3.82E+04 1.81E+05 1.67E+05 
Total  1.81E+08 5.05E+07 2.84E+05 1.22E+08 4.49E+07 
 
 
Table 8. 3: Summary of factory level environmental impact as a percentage of total impact. 
LCA stage GWP (%) Water depletion (%) ADP (%) Land use (%) Ecosystems quality (%) 
Raw materials 76.58% 41.35% 84.06% 98.74% 26.29% 
Packaging 2.42% 7.30% 2.68% 0.76% 8.67% 
Pre-processing 1.74% 5.80% 0.00% 0.03% 7.18% 
Manufacturing 14.95% 44.91% 0.00% 0.33% 57.37% 
Distribution and retail 0.035% 0.00% 0.16% 0.00% 0.007% 
Consumption  None None None None None 
Disposal 1.65% Credita Credita Credita 0.11% 
Transportation 2.62% 0.64% 13.11% 0.13% 0.37% 
a = Disposal generates a sportive environmental impact since disposal involves recycling.
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8.4.3. Part 3: Results of stage 5 – Evaluating environmental initiatives 
The environmental life cycle benefits of the seven environmental scenarios are shown in Table 
8.4 and in aggregated format for comparison in Figure 8.15. As can been seen in Table 8.4, 
the percentage change in environmental impacts from the application of heat integration and 
heat pump solutions are generally low. For example, across five environmental impacts, heat 
integration generates between 0.22 – 1.01% reduction, whereas heat pump generated 
between 1.17 – 5.34% reduction. In comparison, the benefits of renewable energy has both 
positive and negative reductions where raw material changes generates the largest reduction 
across all five environmental impact categories. Despite this, the role of heat integration and 
heat pump solutions can generate benefits directly to the factory in the form of cost 
reductions, operational flexibility and improved resource efficiency. 
One of the surprising findings, as highlighted in Chapter 7, but further expanded in more detail 
in this chapter is the role of renewable energy. In total, two different renewable energy 
scenarios were considered. However, Scenario 3 showed a negative environmental 
improvement, whereas scenario 4 showed an improvement but still had a negative impact on 
the ecosystems quality. The key difference contributing to the improvement is the adoption 
of solar thermal technology rather than biomass for heating. However, the ability of solar 
thermal technology to heat all process with hot water is limited due to max temperatures. As 
such, the consideration of renewable energy increases the scope to consider an integrated 
energy system connected to hot water tanks, as discussed in Chapter 4.  
In addition, sourcing 100% renewable energy from a combination of renewable energy 
technologies raises major challenges of practical limitations, costs and reliability. For example, 
does a food factory have the physical space to occupy a biomass plant and anaerobic digestion 
plant? As such, there is potential opportunities to source renewable energy from local 
surroundings. Although, the costs of renewable energy are still relatively high exceeding 
payback periods higher than 5 years (Murphy and McDonnel, 2017, Kim et al, 2013, Yang et 
al, 2012). In addition, the reliability of renewable energy supply is a major issue since energy 
is generated intermittently. As such, there is scope to stabilise supply through energy storage 
technologies such as Battery Energy Storage Systems (BESS) and thermal storage tanks 
(Hiremath et al, 2015; Chen and Ciou, 2009). However, the costs-to-benefits would require 
further investigation. 
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Furthermore, the scenario of reducing energy by 50% and transitioning to 100% renewable 
energy is a high ambitious goal. The prospect of reducing energy by a further 50% would 
require transformative changes that have yet to be demonstrated for the confectionery 
industry. Such changes could potentially be achieved from the automation of production to 
reduce waste and operator error, installation of highly efficient technologies that require low 
natural resources to operate, redesign of factory building to reduce heat loss, and integration 
of the Internet of Things (IoT) to manage natural resources (May et al, 2016, Shrouf and 
Miragliotta, 2015, Reay et al, 2013, Duflou et al, 2012). In addition to the improvements in 
energy efficiency, the transition to 100% renewable energy would require considerable 
investment in both renewable energy systems on-site and off-site. Overall, such a scenario 
combining energy reductions with renewable energy demonstrates the environmental 
benefits gained in relation to potential capital investment and complexity.  
The two supply chain improvements considered show mixed environmental reductions. For 
example, reducing food waste by 50% combined with zero waste to landfill generates a 
reduction between 0.01 – 1.42% across five environmental impacts. In comparison, raw 
material changes generates a reduction between 7.59 – 49.74%. Both improvements are 
highly complex since it involves multiple supply-chain actors. However, it is clear the raw 
materials changes in the form of sustainable procurement and sourcing offers the highest 
reduction compared to the other six scenarios that can improve the environmental 
sustainability of confectionery manufacturing.  
Overall, the combined improvement strategies of 50% energy reduction with 100% renewable 
energy, 50% FW reduction with zero FW to landfill, and raw material changes to lower impacts 
can potentially reduce: GWP by 65.82%, WD by 43.02%, ADP by 20.66%, LU by 17.45% and 
EQ by 7.24%. Such reductions are remarkable. However, the aforementioned challenges for 
the individual scenarios remains. As such, it is recommended confectionery companies 
prioritise the raw materials scenario since it generally offers the highest reduction in all the 
individual environmental impact categories when compared to other improvement 
strategies.  
To conclude, the comparison of several environmental interventions both at the factory and 
supply chain demonstrate an increasing level of complexity and investment to reduce 
environmental impact from factory to supply chain, as shown in Figure 8.15. Further research 
 Page 236 of 320 
 
is required to investigate the development of supply chains with low environmental impacts, 
technologies to improve energy efficiency at factories and potentially renewable energy 
systems as part of a local integrated energy system.  
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Table 8. 4: Comparison of environmental benefits of six environmental scenarios. 
Environmental impact 
category 
Baseline 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 
Heat Integration Heat Pump Renewable Energy 1 Renewable Energy 2 
50% Energy Reduction 
+ Renewable Energy 
50% FW reduction + 
Zero FW to Landfill 
Raw Material Changes 
Total % ∆ Total % ∆ Total Total Total % ∆ Total % ∆ Total % ∆ Total % ∆ 
GWP 
(kg CO2-eq per unit) 
1.81E+08 1.80E+08 -0.57% 1.75E+08 -3.00% 1.54E+08 -14.63% 1.54E+08 -14.68% 1.54E+08 -15.00% 1.79E+08 -1.08% 9.09E+07 -49.74% 
Water depletion  
(m3 per unit) 
5.05E+07 5.04E+07 -0.22% 4.99E+07 -1.17% 4.06E+07 -19.73% 4.01E+07 -20.65% 3.40E+07 -32.70% 5.00E+07 -1.01% 4.58E+07 -9.31% 
ADP 
(kg Sb-eq per unit) 
2.84E+05 2.84E+05 Negligible 2.84E+05 Negligible 2.84E+05 Negligible 2.84E+05 Negligible  2.84E+05 Negligible 2.84E+05 -0.25% 2.26E+05 -20.41% 
Land use  
(m2 per unit) 
1.22E+08 1.22E+08 Negligible 1.22E+08 Negligible 1.25E+08 1.96% 1.22E+08 -0.20% 1.22E+08 -0.24% 1.22E+08 -0.01% 1.01E+08 -17.20% 
Ecosystems quality  
(PDF.m2.year per unit) 
4.49E+07 4.44E+07 -1.01% 4.25E+07 -5.34% 3.61E+08 705.37% 6.33E+07 41.17% 4.12E+07 -8.23% 4.42E+07 -1.42% 4.15E+07 -7.59% 
Negligible = <0.1% 
 
 
Figure 8. 15: Comparison of the aggregated environmental impact of six environmental scenarios. (EE = energy efficiency, renewable energy = renewable energy, sugar 
confectionery = supply chain). 
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8.4.4. Part 4: Comparison of Proposed Methodology between Alternative 
Methods 
A comparison of the proposed methodology with two alternative methods of calculating the 
environmental impact at factory level are shown in Table 8.5 and 8.6 to demonstrate 
reliability and robustness of the proposed methodology. The alternative methods are: 
(1) Selecting only the highest SKU to represent the whole factory product portfolio  
(2) Selecting the single highest SKU in each product category to represent the whole 
factory product portfolio (e.g. four products representing sugar, chocolate, fine 
bakery ware and milk-based) 
Overall, the methodology based on the single highest SKU demonstrates the highest 
variability across both the life cycle stages and total value. For example, the standard 
deviation across the life cycle stages ranges from 0.31 – 0.4, see Table 8.7. Such variability can 
result in a considerable degree of uncertainty when carrying out further analysis. In 
comparison, the methodology of selecting the single highest SKU in each product category 
shows a lower variability across both the life cycle stages and total value. For example, the 
standard deviation across the life cycle stages is on average 56.3% lower based on selecting 
the single highest SKU in each product category. Despite this, there is still a great degree of 
variability as shown in Table 8.6. As such, for the calculation of environmental hotspots from 
a factory product portfolio, the proposed methodology is recommended since it offers the 
highest accuracy when it comes to calculating the environmental impact at a factory. 
However, this approach has the highest level of complexity and requires the most amount of 
time. A comparison of the trade-offs are shown in Figure F1.1 in Appendix F. 
Another key finding is the methodology recommended to calculate the total environmental 
impacts of factories. In this case, the purpose is simply to calculate the total values and not 
the environmental hotspots. Such a scenario is important for factories looking to compare 
other factories within a company e.g. benchmarking. As such, in order to provide a fast 
method of calculation, the methodology based on selecting the highest SKU in each product 
category would be the most appropriate as it involves less time than the proposed 
methodology and only suffers from a few percentages of variability in the total values. 
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Table 8. 5: Comparison of environmental impact between proposed methodology and selecting only the highest SKU to represent the whole factory product portfolio. 
LCA stage 
GWP (kg) Water depletion (m3) ADP (kg Sb) Land use (m2) 
Ecosystems quality       
(PDF.m2.year) 
Before After  % ∆ Before After  % ∆ Before After  % ∆ Before After  % ∆ Before After  % ∆ 
Raw materials 1.38E+08 1.99E+08 44% 2.09E+07 1.66E+07 -21% 2.45E+05 3.07E+05 25% 1.33E+08 1.79E+08 35% 1.18E+07 8.65E+06 -27% 
Packaging 4.37E+06 3.19E+06 -27% 3.69E+06 2.57E+06 -30% 7.80E+03 7.31E+03 -6% 1.02E+06 8.18E+05 -20% 3.89E+06 2.68E+06 -31% 
Pre-processing 3.15E+06 5.04E+06 60% 2.93E+06 4.69E+06 60% 1.89E-01 3.02E-01 60% 4.50E+04 7.20E+04 60% 3.22E+06 5.14E+06 60% 
Manufacturing 2.70E+07 1.91E+07 -29% 2.27E+07 1.69E+07 -25% 1.57E+00 1.13E+00 -28% 4.45E+05 3.45E+05 -22% 2.57E+07 1.88E+07 -27% 
Distribution and retail 6.36E+04 4.75E+04 -25% 5.14E+02 3.84E+02 -25% 4.66E+02 3.48E+02 -25% 1.02E+03 7.61E+02 -25% 3.04E+03 2.27E+03 -25% 
Consumption 0.00E+00 0.00E+00 0% 0.00E+00 0.00E+00 0% 0.00E+00 0.00E+00 0% 0.00E+00 0.00E+00 0% 0.00E+00 0.00E+00 0% 
Disposal 2.98E+06 1.96E+06 -34% -2.18E+04 -1.66E+04 -24% -7.43E+03 -1.93E+03 -74% -1.19E+07 -9.37E+06 -21% 4.95E+04 4.54E+04 -8% 
Transportation 4.73E+06 5.27E+06 11% 3.25E+05 4.82E+05 48% 3.82E+04 4.37E+04 15% 1.81E+05 2.46E+05 36% 1.67E+05 1.84E+05 10% 
Total 1.81E+08 2.34E+08 29% 5.05E+07 4.12E+07 -18% 2.84E+05 3.57E+05 25% 1.22E+08 1.71E+08 40% 4.49E+07 3.55E+07 -21% 
 
Table 8. 6: Comparison of environmental impact between proposed methodology and selecting the single highest SKU in each product category to represent the whole 
factory product portfolio (e.g. sugar, chocolate, biscuit and milk-based). 
LCA stage 
GWP (kg) Water depletion (m3) ADP (kg Sb) Land use (m2) 
Ecosystems quality      
(PDF.m2.year) 
Before After  % ∆ Before After  % ∆ Before After  % ∆ Before After  % ∆ Before After  % ∆ 
Raw materials 1.38E+08 1.44E+08 4% 2.09E+07 2.30E+07 10% 2.45E+05 2.46E+05 0% 1.33E+08 1.31E+08 -1% 1.18E+07 1.28E+07 9% 
Packaging 4.37E+06 3.31E+06 -24% 3.69E+06 2.66E+06 -28% 7.80E+03 6.62E+03 -15% 1.02E+06 7.97E+05 -22% 3.89E+06 2.81E+06 -28% 
Pre-processing 3.15E+06 3.63E+06 15% 2.93E+06 3.36E+06 14% 1.89E-01 2.17E-01 15% 4.50E+04 5.15E+04 14% 3.22E+06 3.69E+06 15% 
Manufacturing 2.70E+07 2.63E+07 -3% 2.27E+07 2.28E+07 1% 1.57E+00 1.54E+00 -2% 4.45E+05 4.48E+05 1% 2.57E+07 2.56E+07 -1% 
Distribution and retail 6.36E+04 4.78E+04 -25% 5.14E+02 3.86E+02 -25% 4.66E+02 3.50E+02 -25% 1.02E+03 7.64E+02 -25% 3.04E+03 2.28E+03 -25% 
Consumption 0.00E+00 0.00E+00 0% 0.00E+00 0.00E+00 0% 0.00E+00 0.00E+00 0% 0.00E+00 0.00E+00 0% 0.00E+00 0.00E+00 0% 
Disposal 2.98E+06 2.45E+06 -18% -2.18E+04 -1.54E+04 -29% -7.43E+03 -4.56E+03 -39% -1.19E+07 -8.84E+06 -26% 4.95E+04 5.08E+04 3% 
Transportation 4.73E+06 5.04E+06 6% 3.25E+05 3.43E+05 5% 3.82E+04 3.96E+04 4% 1.81E+05 1.92E+05 6% 1.67E+05 1.79E+05 7% 
Total 1.81E+08 1.84E+08 2% 5.05E+07 5.22E+07 3% 2.84E+05 2.88E+05 1% 1.22E+08 1.24E+08 1% 4.49E+07 4.52E+07 1% 
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Table 8. 7: Standard deviation of the life cycle stages based on the two alternative methods. 
Environmental impact 
Category 
Standard deviation 
% change Highest SKU in factory Highest SKU in each 
product category 
GWP 0.36 0.15 -58.3% 
Water depletion  0.36 0.18 -50.0% 
ADP 0.40 0.17 -56.7% 
Land use 0.33 0.15 -54.0% 
Ecosystems quality 0.31 0.16 -49.1% 
 
8.5. Discussion  
A novel methodological approach based on LCA has been developed and presented for the 
first time to primarily evaluate the environmental life cycle benefits of engineering and supply 
chain improvements at multi-product food factories. Although, some secondary purposes 
includes: (1) measuring the environmental sustainability of food factories, (2) identifying key 
products to focus environmental reductions, and (3) comparing environmental impact. The 
major feature that distinguish this approach from previous researchers (Sengupta et al, 2015, 
UNEP, 2015; ISO, 2014; Meinrenken et al, 2012; Canals et al, 2011) is the scale of application 
i.e. operational impacts associated with a factory. In addition, some key features are: (1) a 
rationalisation and selection process of factory Stock Keeping Units (SKUs), (2) consumer and 
disposal selection process, (3) customer selection process, (4) supplier selection process, (5) 
modelling factory production lines, (6) reducing data gaps and (7) flexibility to select different 
environmental impact. Overall, these new features combined in an integrated framework 
provides a new way of thinking about how to measure and evaluate the environmental 
sustainability of food factories by a range of environmental impact. 
The application at the Case Factory demonstrated the effectiveness of the whole framework. 
Across twenty reference SKU products, it was found the fine bakery ware products had the 
highest aggregated environmental impacts at the product level. In comparison, the chocolate-
based products were the main contributor for the different environmental impact at a factory 
level. The change in environmental impact at the product (functional unit) and factory level 
demonstrates the requirement for different strategies to reduce. For example, at a product 
level the strategy for environmental reduction would involve a product redesign such as 
reformulations, ingredients substitution, packaging alternatives and utilisation of processing 
technology. At a factory level, the scale of change is different and would involve strategies 
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such as supply chain management to encourage environmental reductions across the supply 
chain, procurement of materials which have a lower environmental impact, logistics 
optimisation to reduce travel distance, utilisation of high energy efficiency food processing 
technologies and potentially the investment in renewable energy across the whole supply 
chain. Overall, such strategies at both the product and factory level can enhance the 
development of brand-and-company image as products are actively undergoing 
improvements for environmental sustainability. 
The evaluation of the environmental life cycle benefits of seven environmental scenarios has 
shown the proposed heat integration and heat pump solution was only capable of relatively 
low reductions in aggregated environmental impact compared to other interventions. The 
largest change was observed for renewable energy and raw material changes to lower 
environmental impact. However, the cost involved in such a transition would involve several 
investments in renewable energy both on-site and off-site which would be in the magnitudes 
of millions of pounds. Alternatively, such investment could provide more value indirectly to 
the manufacturing company by focusing investment with upstream activities across raw 
materials since the manufacturing stage corresponds on average to approx. 24% compared 
to raw materials that is approx. 68%. Overall, the role of energy efficiency, renewable energy 
and raw materials changes show how environmental reductions can take place from the 
factory to supply chain. 
The robustness of the proposed methodology was compared with two alternative methods 
that found the proposed methodology to generate the highest level of accuracy, especially 
for environmental hotspotting. However, such an approach would require a higher level of 
time and resources compared to the other methodologies since the scope of analysis involves 
more products. Despite this, once the models and baseline assessments have been carried 
out, any reassessment in the future would require lower resources. In comparison, the 
methodology involving selection of highest SKU in each product category can be regarded as 
a trade-off approach between the different methods as they can be applied for fast 
assessments of total environmental impacts at a factory level.  
8.6. Conclusions 
A methodological framework has been presented for the first time to evaluate the 
environmental life cycle benefits of engineering improvements and supply chain initiatives 
considered at the factory level. The novel feature is the operational scale to analyse 
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environmental impacts associated with a multi-product factory rather than analysing a single 
product. The key benefits are a higher accuracy and transparency which improve the 
robustness of the methodology.  
 
The application of the proposed methodology, as demonstrated at the Case Factory, makes 
several contributions to knowledge: 
(1) Methodological framework to measure the environmental impact based on a 
rationalised product portfolio scaled on the annual production volume of a 
confectionery factory; 
(2) Environmental impact of twenty confectionery products covering both individual and 
average impacts of sugar, chocolate, fine bakery ware, and milk-based products; 
(3) Factory-level environmental impact of confectionery factories which can be used to 
benchmark environmental performance of other factories; 
(4) Analysis of environmental hot spots at a factory level can be based on the single 
highest SKU in each product category; 
(5) Demonstrated the trade-off between different methods to assess the environmental 
impact from a multi-product food factory; 
(6) The role of heat integration and heat pump solutions generates low-to-negligible 
reductions in environmental life cycle impact; and 
(7) Combined energy efficiency (50%) with renewable energy (100%) and raw material 
changes can generate the largest improvement in the environmental life cycle 
performance of confectionery factories.  
Overall, the proposed methodology has provided an original perspective and insights to 
analysing the environmental life cycle benefits of environmental improvements from factory 
to supply chain in confectionery manufacturing. It is expected that the research will 
contribute to both LCA methodological development, and provide strategic guidance to 
confectionery manufacturers on investment to improve environmental sustainability. 
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Chapter 9: Overview Discussion and Conclusions 
9.1. Introduction 
This chapter provides an overview discussion, reflection, and conclusions of the whole EngD 
project whereby the aim was to improve knowledge of reducing environmental impact in 
confectionery manufacturing – from factory to supply chain – by developing novel 
methodological tools based on heat integration and LCA. It starts with a critical reflection of 
the overarching approach based on the transdisciplinary process to focus on energy and LCA 
in Section 9.2. This is followed by a discussion of each research objective presented in Section 
9.3. The specific research objectives are: 
(1) To develop methodologies for heat recovery and reuse based on pinch analysis, and 
the recovery of low grade heat based on heat pump technology; 
(2) To develop a LCI data collection method for confectionery products; and to develop a 
methodology to analyse the environmental life cycle impacts of different 
confectionery products covering chocolate, sugar and fine bakery ware; and 
(3) To develop a methodology to evaluate the environmental life cycle benefits of 
engineering and supply chain improvements for multi-product factories. 
The next section discusses the wider relevance of the results for the confectionery and food 
industries in Section 9.3. Finally, recommendations are provided for future work in Section 
9.4. 
9.2. Setting the Research Foci 
The overarching approach adopted for the EngD project was based on a novel 
transdisciplinary process to focus the research of reducing environmental impact in 
confectionery manufacturing towards heat integration and LCA (Miah et al, 2015b). Initially, 
the starting point for the EngD project was based at the Case Factory environmental impacts 
managed included energy, water and waste. As such, there were opportunities to explore 
other environmental areas. Indeed, there were gaps in the literature on how to reduce water 
and waste in the confectionery industry (Konstantas et al, 2017a, Konstantas et al, 2017b). 
However, the focus on energy arose from the contribution of costs associated with energy 
reductions, the significant role energy contributes to environmental life cycle impacts of food 
products in general, and the evolving legislation and standards on energy and greenhouse gas 
reductions in relation to climate change (Griffin et al, 2016; IEA, 2010; Fischer et al, 2007).  
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Furthermore, the focus on LCA was very important to evaluate the energy research (e.g. 
engineering interventions), but also to investigate the environmental life cycle impacts of 
confectionery products to provide a holistic overview of environmental impact from factory 
to supply chain. The focus on LCA has provided unique opportunities to carry out research 
utilising the resources of the Case Company for a supply-chain wide analysis. The research 
engineer had access to employees time, company and factory data, suppliers and company 
experts.  
An alternative approach would be to adopt a remote approach where the research engineer 
occasionally visited the Case Factory for data collection. However, such an approach would 
not have allowed time to appreciate industrial practice in confectionery manufacturing and 
the challenges faced both in the present and future by engaging with company employees. 
Such interactions helped shape the research focus based on the gaps in knowledge on energy 
and LCA.  
Overall, the td process adopted has encountered several major limitations that can be 
improved. These are: 
(1) Single case company: The research is primarily demonstrated through a single case 
company. Although Nestlé are an excellent case company, there is possibilities that 
more could be learnt by adopting a multi-company approach. However, this would 
require more time and resource. 
(2) Single case factory: Similar to above, the case studies for the applications of the 
methodologies are based on a single confectionery factory. Whilst Nestlé have more 
than one confectionery factory, the resource to demonstrate at multiple sites would 
have compromised time to research other aspects of the EngD project.  
(3) Limited range of confectionery products: The types of confectionery products 
analysed were were found to align with the three main product categories in the 
confectionery industry (sugar, chocolate, and fine bakery ware). However, the number 
of products analysed in each category were limited e.g. fine bakery ware and milk-
based products. Further research on a broader range of products can improve the 
accuracy of product categories. 
(4) Aggregation of environmental impact: The aggregation of environmental impact into 
a single score has been extremely helpful to interpret multiple environmental impact, 
especially for decision-making. However, the aggregation is based on equal 
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importance where in practice this may be different. As such, further research should 
explore the identification of weights in the confectionery industry. 
9.3. Research Findings. 
9.3.1. Research Objective 1: To Develop Methodologies for Heat Recovery and 
Reuse based on Pinch Analysis, and the Recovery of Low Grade Heat based 
on Heat Pump Technology 
9.3.1.1. Heat Recovery and Reuse based on Pinch Analysis  
Based on the nature of confectionery manufacturing, a novel heat integration framework 
combining direct and indirect heat recovery from zonal to multiple zones has been developed 
(Miah et al, 2014). This advances heat integration methodologies covering targeted areas, 
interplant and total site (Stamp and Majozi, 2017; Song et al, 2017; Wang et al, 2015). Some 
of the features which improve heat integration theory include: (1) a framework structure 
which provides a systematic process to combine direct and indirect heat exchange from zonal 
to multiple zones, (2) exclusions threshold which reduces the time for data extraction 
compared to current approaches (Kemp, 2007), (3) preliminary analysis to determine 
potential energy reduction based on low-medium-high stream grades without requiring 
detailed analysis, and (4) zone availability concept to match streams from different parts of 
the factory within geographic proximity. 
In contrast to previous pinch analysis studies in the food industry, the EngD project has for 
the first time investigated pinch analysis for confectionery factories (Eiholzer et al, 2017; 
Walmsley et al, 2016, Amon et al, 2015). However, the heat integration research has 
highlighted that there are limits to how much heat can be reduced in confectionery 
manufacturing. For example, the case study presented in Chapter 4 only showed a 4.04 – 
6.05% energy reduction based on an initial potential energy reduction of 10.28 – 13.30%. 
Although such reductions are modest, they would require considerable investment and 
involve a high level of complexity to achieve with regards to number of heat exchangers, 
piping network and number of Heat Transfer Fluid (HTF) tanks (Miah et al, 2014). Despite this, 
the empirical results has contributed to improving the knowledge on energy savings for the 
confectionery industry, comprised of 12,700 confectionery manufacturers across Europe 
(CAOBISCO, 2015). 
Alternative methods which could potentially improve the economics of heat recovery include 
the use of district heating systems from neighbouring residential areas (Cooper et al, 2016, 
Vares et al, 2014, Ristmaki et al, 2013), and exchange of heat and resources between 
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neighbouring industrial systems by Industrial Symbiosis (IS), (Zhang et al, 2015, Hiete et al, 
2012, Chertow, 2007). However, larger spatial scales of heat recovery (e.g. moving beyond 
the ‘factory walls’ (Kapil et al, 2012)) requires a different level of strategic thinking and 
operation since heat is being shared between different parties. Some of the major challenges 
includes stable supply of heat from a diverse multi-product confectionery factory, 
cooperation from different business priorities, economic viability in both capital cost and 
operation e.g. vast pipe network for residential homes (Schweiger et al, 2017 Kipping and 
Tromborg, 2017, Truong and Gustavsson, 2014). Despite this, the energy efficiency pathway 
can be seen as one that improves by moving upwards across different spatial scales, especially 
if preceding levels have been exhausted.   
Overall, the research on heat integration has contributed to advancing heat integration 
methodologies on combining direct and indirect heat exchange (Song et al, 2017; Wang et al, 
2015). It is expected the framework can be expanded in the future to consider higher spatial 
scales of heat recovery such as district heating systems and industrial symbiosis.  
9.3.1.2. Recovery of Low Grade Heat based on Heat Pump Technology 
The heat integration framework developed in research objective 1 has been further improved 
to consider the role of heat pump technology as a technological intervention that can recover 
low-grade heat in complex and diverse factories (Miah et al, 2015c). In comparison to current 
approaches both in the food industry (Becker et al, 2012, Kapustenko et al, 2008) and wider 
manufacturing sectors (Oluleye et al, 2016, Kwak et al, 2014) the improved heat integration 
framework provides a new way of thinking about how to systematically recover low grade 
heat from zonal to multiple zones. Some of the features that improve heat integration theory 
as part of an integrated framework include: (1) the inclusion of heat pump technology to 
upgrade low-grade heat to a higher temperature. This is important because low grade heat is 
widely underutilised and offers the potential to increase energy efficiency (Law et al, 2013, 
Ammar et al, 2012), (2) the adoption of ‘heat pump Thresholds’ to quickly select heat pump 
designs that can be considered as a potentially better alternative compared to a steam 
generation combustion boiler, (3) stream classification in terms of the quality of heat content 
to efficiently identify potential streams, in particular waste and low grade heat, and (4) a 
decision making procedure to select process or utility heat integration in complex and diverse 
factories.  
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The framework was effectively demonstrated for the first time in the confectionery industry, 
shown in Chapter 5. The final results comprised five options capable of delivering a factory 
energy reduction of about 29%; four options developed during the Intra-zonal analysis and 
one during Inter-zonal analysis. However, the total cost of investment has an economic 
payback period around 4.59 – 13.32 years. Whilst the energy savings are attractive, the 
economics are very poor. Alternative technologies which could improve the economics 
include trigeneration (e.g. heat, power and cooling) at the factory level (Meybodi et al, 2017, 
Freschi et al, 2013, Bassols et al, 2002), Organic Rankine Cycles (ORCs) (Yu et al, 2017, 
Gutierrez-Arriaga et al, 2015, Quoilin et al, 2013), and Thermoelectric Generators (TEGs) (Cola 
et al, 2016, Chen et al, 2016, Johansson and Soderstron, 2014) at the technology / production 
line level. Such technologies demonstrate the potential to not only improve heat recovery 
from both low grade and waste heat, but also create new economic revenue from electricity 
generation. Therefore, future research should investigate the economic benefits of such 
technologies as part of the heat integration framework, especially in the confectionery 
industry. 
9.3.2. Research Objective 2: To Develop a Life Cycle Inventory Data Collection 
Method for Confectionery Products; and to Develop a Methodology to Analyse 
the Environmental Life Cycle Impacts of Different Confectionery Products 
Covering Chocolate, Sugar and Fine Bakery Ware 
9.3.2.1. Life Cycle Inventory Data Collection Method for Confectionery 
Products 
Compared to existing methods (Ramos et al, 2016, Jungbluth et al, 2016, Recchioni et al, 
2015), the development of a methodological framework for increasing life cycle inventory 
data based on the role and resources of a multinational company provides a new way of 
thinking on how to collect LCI data, especially in the food sector (Jungbluth et al, 2016). In 
particular, the features which advance LCI theory includes: (1) an integrated approach from 
the combined features of data sources, questionnaires, and data quality management across 
the whole food supply chain, and (2) the role of a multinational food company rather than a 
third party, to initiate, motivate, accelerate and manage the whole collection of inlet/outlet 
flow data across the supply chain. 
The application at a multi-product confectionery factory in the UK has resulted in a portfolio 
of 100 new environmental LCI datasets for confectionery products in less than 5 months from 
the interaction with 67 ingredients and packaging suppliers across the globe and several food 
retailers. This is important because current LCI databases don’t contain the equivalent of the 
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new data sets. As such, the creation of new knowledge (e.g. LCI data) presented in this 
research cannot be found anywhere in the literature (NREL, 2014, Quantis, 2014) and can 
directly benefit the confectionery industry, especially the 12,700 confectionery 
manufacturers across Europe. In addition, the creation of knowledge was aided by the 
development of newl tools such as raw materials sourcing maps and customer distribution 
maps which can help confectionery companies understand the complexity of confectionery 
supply chains. 
The majority of primary data collected was from ingredients and packaging suppliers, food 
factory and partial data from retailers and waste disposal providers. No data was collected at 
the farm level due to the time required to monitor the crop cultivation cycle (Bellon-Maurel 
et al, 2014, Beauchemin et al, 2010). The challenges that were encountered during 
implementation included the lack of experience, identifying key actors, confidentiality 
protection, and complexity of multi-tiered supplier systems. These challenges were 
addressed, by using the internal resources, business relationships and influence of a 
multinational food company. Overall, it was found that a multinational company can play a 
critical role, especially in engagement and facilitation by transforming latent data across the 
supply chain towards expansion of LCI data. It is expected the research will encourage other 
food companies to collect LCI and contribute to considerably expanding LCI data to benefit 
everyone. 
9.3.2.2. Environmental Impacts of Confectionery Products 
Chapters 7 and 8 have presented the first environmental LCA for a range of different 
confectionery products based on a proposed methodology for confectionery products (Miah 
et al, 2017). In comparison, current methods are extremely limited since they focus on single 
products (Konstantas et al, 2017a, Vesce et al, 2016, Nilsson et al, 2011), inconsistent system 
boundary (Wallen et al, 2004), outdated data (Vesce et al, 2016), different environmental 
impact categories (Vesce et al, 2016, Jungbluth and Konig, 2014, Nilsson et al, 2011), and 
limited-to-none improvement strategies considered across the supply chain (Jungbluth and 
Konig, 2014, Ntiamoah and Afrane, 2008).  
The methodology developed provides a major improvement in how to analyse the 
environmental life cycle impacts of confectionery products based on the following features: 
(1) considering multiple confectionery products found in the confectionery industry, (2) full 
supply chain analysis from cradle-to-grave, (3) inclusion of food waste data, (4) inclusion of 
pre-processing stage of chocolate manufacture, (5) analysis from multiple functional units, (6) 
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assessment of multiple improvement strategies, (7) five environmental impact categories 
relevant for the food industry, and (8) MCDA to aid decision making of multiple environmental 
impact for environmental management.  
Based on the application at a multi-product confectionery factory, a total of twenty 
confectionery products have been analysed which represent the three main product 
categories found in the confectionery industry; chocolate, sugar and fine ware bakeries. More 
specifically, it was found that sugar confectionery (sugar category) had the lowest aggregated 
environmental impact compared to dark chocolate confectionery (chocolate category) which 
had the highest. On average, based on a functional unit of 1 tonne of product, the fine bakery 
ware products was higher than chocolate products by 7.1%, milk-based products by 18%, and 
sugar by 51.9%. Some of the key factors contributing to the difference was primarily due to 
the ingredients such as cocoa liquor, milk powder, and cocoa butter for dark chocolate 
confectionery. In comparison, sugar, glucose and starch were major contributing factors for 
sugar confectionery. Overall, a range of key ingredients have not only been identified but also 
quantified for the first time (Konstantas et al, 2017a, Vesce et al, 2016, Jungbluth and Konig, 
2014). These ingredients are recommended for confectionery manufacturers to focus on as 
part of their sustainability strategy e.g. sugar, glucose, starch, milk powder, cocoa butter, 
cocoa liquor, milk liquid, wheat flour and palm oil. 
Furthermore, a total of five improvement strategies have been investigated for the first time 
for a particular Case Factory in the confectionery industry, these include: (1) raw materials 
sourcing to lower environmental impact, (2) 100% renewable energy at confectionery factory, 
(3) packaging materials with lower environmental impact, (4) product reformulations, and (5) 
combined zero food waste and 50% food waste reduction. Such analysis has not been carried 
out before and provides important answers on how to improve the environmental 
sustainability of confectionery supply chains (Konstantas et al, 2017a, Vesce et al, 2016, 
Jungbluth and Konig, 2014). It was found that the key intervention resulting in the largest 
reductions were from sourcing raw materials with lower environmental impact. In 
comparison, the role of 100% renewable energy at confectionery factory generated both 
positive and negative environmental impact, especially on the ecosystems quality due to high 
generation of Zinc in biomass ash. Overall, the combined benefit of improvement strategies 
which provided a positive environmental reduction showed that an average 61% 
environmental impact reduction is possible based on the aggregation of five environmental 
impact categories from cradle-to-grave.  
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9.3.3. Research Objective 3: To Develop a Methodology to Evaluate the 
Environmental Life Cycle Benefits of Engineering and Supply Chain 
Improvements for Multi-product Factories 
A methodology to evaluate the environmental life cycle benefits of engineering and supply 
chain improvements for multi-product factories has been presented in Chapter 8. The 
proposed methodology provides for the first time a way in which to analyse the 
environmental life cycle impacts associated at a factory operational level, especially for multi-
product food factories. This is important because it provides the means to contextualise the 
environmental life cycle benefits of engineering and supply chain improvements considered 
at the factory level. As such, the proposed methodology builds upon the research from 
Chapters 6 and 7. However, the key differences between Chapter 6 and 7 are: (1) factory level 
environmental impact by expanding the scope of analysis based on the annual production 
volumes, (2) multi-staged approach to guide decision-makers, (3) core focus on 
environmental impact rather than LCI data collection, and (4) assessment of multi-products 
to represent factory product portfolio. 
The application of the proposed methodology at the Case Factory effectively evaluated the 
environmental life cycle benefits of engineering and supply chain improvements such as heat 
integration (Chapter 4), recovery of low-grade heat by heat pump technology (Chapter 5), 
renewable energy, and raw materials sourcing (Chapter 7). It was found that the 
environmental life cycle benefits of heat integration and heat pump solutions are low-to-
negligible, the factory life cycle stage was responsible for, based on twenty key confectionery 
products: 15% of GWP, 44.9% of WD, negligible for ADP and LU, and 57.4% of EQ, and that 
raw material changes to alternative ingredients and/or lower environmental impact 
ingredients can generate the highest environmental life cycle impact reduction: 49.7% for 
GWP, 9.3% for water depletion, 20.1% for ADP, 17.20% for land use, and 7.59% for 
ecosystems quality. 
Overall, the proposed methodology has provided an original perspective and insight to 
strategically analyse the environmental life cycle benefits of environmental improvements 
from factory to supply chain in confectionery manufacturing.  
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9.4. Relevance for the Confectionary Industry and Wider Food 
Industry 
9.4.1. The Role of Heat Integration in the Confectionery Industry and Wider 
Food Industry 
The investigation of heat integration in confectionery manufacturing has highlighted the 
challenges of heat recovery which can be found elsewhere in the food industry (Law et al, 
2013; Ammar et al, 2012; Klemes et al, 2011). For example, overcoming product quality 
compromise, geographic proximity, stream variability and low-grade heat. The key benefit is 
providing guidance to decision-makers on how to navigate the search for heat recovery 
solutions based on the heat integration framework combining direct and indirect heat 
exchange incorporating heat pump technology from zonal to multiple zones. As such, the 
frameworks developed on heat integration will not only be relevant for the confectionery 
industry but also the wider food sector. For example, 
Compared to studies in other parts of the food industry, the potential energy reduction 
ranged from 3.7 – 93%. (Eiholzer et al, 2017, Amon et al, 2015, Atkins et al, 2012). One of the 
key findings of the heat integration research is the limits to heat recovery. Such realisation is 
not only applicable for the confectionery industry but also the food industry. For example, 
after an extensive analysis from zonal to multiple zones combining direct and indirect heat 
exchange, it was found that only 4.04 – 6.05 % energy reduction was possible. As such, it is 
likely that the energy savings reported by other researchers are higher than what is achievable 
in reality. 
Overall, the potential energy reductions that are practically achievable will vary since different 
food factories manufacture different types of products exhibiting different thermal profiles 
e.g. cereal, coffee, and ice cream (EC, 2015, Fellows, 2009). Despite this, the research has 
shown the benefits and challenges of considering heat integration that can contribute to 
energy reduction strategies for different companies across the confectionery and food 
industry. 
9.4.2. Environmental Impacts of the Confectionery Industry at different Scales 
The LCA results are primarily based on the product and factory level. At the product level, the 
LCA methodology for confectionery products can provide the methodological foundations for 
the development of Product Category Rules (PCRs) as part of Environmental Product 
Declarations (EPDs) for the confectionery industry (Laso et al, 2017, Ibanez-Fores et al, 2016, 
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Minkov et al, 2015). This is important because there are currently no PCRs for sugar and 
chocolate confectionery products, especially towards standardised communication of LCA 
results for confectionery products (EPD, 2017). However, further research is required to reach 
consensus by different confectionery companies to ensure the PCRs are applicable across the 
confectionery industry. 
Beyond the product and the factory, it is possible to scale-up the environmental impacts to 
the company, if not the sector level (Neppach et al, 2017, Meinrenken et al, 2014, Canals et 
al, 2011). In order to achieve this, research would be required to explore the development of 
methodologies that can estimate the environmental impact associated with the company, in 
particular at a sector level. For example, in Europe this could involve modelling general supply 
chains found across the 28 member states supported by questionnaires to manufacturers. 
Such analysis would require a high level of resource and coordination by both participating 
companies and NGOs such as CAOBISCO (CAOBISCO, 2015) and the European Food and Drink 
(FoodDrinkEurope, 2017). 
Furthermore, there are currently a range of studies that analyse the environmental profiles 
of peoples’ diets (Notarnicola et al, 2017, Tukker et al, 2011, Wolf et al, 2011). Such analysis 
at the consumption level is vital to develop nutrition, health and environmental sustainability 
policies for countries around the world. However, the environmental impacts associated with 
confectionery products is limited given the scope and boundaries (Konstantas et al, 2017a, 
Vesce et al, 2016, Jungbluth and Konig, 2014). As such, the quantification of various 
environmental profiles presented in Chapters 7 and 8 can contribute to improving the 
development of policies on diets covering nutrition, health and environmental sustainability. 
9.4.3. Resource Efficiency in Confectionery Manufacturing 
The consideration of environmental life cycle benefits has provided an alternative perspective 
to improving resource efficiency (i.e. energy, water and waste reductions) in confectionery 
manufacturing, especially since current resource efficiency frameworks focus primarily at the 
factory/manufacturing site level (Kellens et al, 2012, Muster-Slawitsch et al, 2011, OECD, 
2011, Jawahir et al, 2009). For example, energy consumption was identified as the major 
contributor influencing the factory stage environmental impact from a supply chain 
perspective. However, the prospect of reducing energy consumption by 50% or even 
transitioning to 100% renewable energy is a highly ambitious goal. Such changes would 
require a high level of capital investment or major interventions that can provide a 
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considerable reduction in energy. Alternatively, the capital investment could be strategically 
invested in the upstream supply chain by focusing on sustainable sourcing strategies, training, 
and Best Management Practices (BMP) for farms e.g. Integrated Pest Management (IPM), soil 
conservation, organic farming, and fertilizer reduction (Rajendran et al, 2016, Clay, 2003).  
In comparison, the contribution arising from water and waste at the factory level, was low-
to-negligible. As such, from a supply chain perspective there is very small benefit to investing 
in water and waste reduction at the factory level in order to reduce the supply chain 
environmental impact. Despite this, improving the resource efficiency, especially on water 
and waste is still strongly recommended as it can provide economic savings for the factory 
and lead to the development of multi-actor initiatives to reduce water and waste across the 
full supply chain. 
9.4.4. Measuring Supply Chain Environmental Impacts based on a Multi-
Indicator Approach 
A central philosophy in the EngD project was to assess environmental impact based on a 
broad range of environmental impacts taking a holistic perspective rather than a single 
dimension such as carbon footprinting (GWP) (Muijica et al, 2016, Stoessel et al, 2012). For 
example, the assessment of renewable energy scenarios showed considerable reductions in 
GWP. However, by considering a wider range of environmental impact, it was found that the 
ecosystems quality impact increased. Such realisation have only been possible by considering 
a broader range of environmental areas that can guide decision-makers towards a holistic set 
of indicators for environmental sustainability in the confectionery industry.  
Furthermore, the set of indicators currently proposed are environmental impacts which 
represent common indicators found in environmental LCAs for food products (Fusi et al, 2016, 
Rivera et al, 2014, Roy et al, 2009) and emerging areas of concern such as water, land use, 
and ecosystem quality (Jeswani et al, 2015, Mila i Canals et al, 2013). However, the emerging 
indicators are likely to change as sustainability science advances over time (Fang et al, 2014). 
In particular, the ecosystems quality is a sensitive indicator for the food industry as it attempts 
to describe the impacts on biodiversity and ecosystems services (Jolliet et al, 2003). However, 
the cause-and-effect chain describing ecosystems quality is still quite uncertain and requires 
further research on developing regional impacts of biodiversity and methodological tools to 
translate biodiversity improvements by companies into the ecosystems quality indicator 
(Bordt, 2018, Othoneil et al, 2016).  
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Overall, the aggregation of the environmental impact based on the proposed LCA 
methodologies can provide a meaningful method to help decision-making on reducing 
environmental impact in confectionery manufacturing. For the current analysis, an equal-
weight assessment is adopted. However, the development of weights specific to the 
confectionery industry can be achieved by carrying out further research to ascertain 
preferences by stakeholders across the confectionery industry on the range of environmental 
impact categories and their importance (Azapagic et al, 2016) 
9.4.5. Towards Sustainable Supply Chains in the Confectionery Industry 
In order to move the whole confectionery industry towards sustainability, further research is 
required to explore the social and economic sustainability of the confectionery industry as 
part of a sustainability assessment (Reuter, 2016, Dong and Ng, 2016, Atilgan and Azapagic et 
al, 2016). For example, a range of NGOs have highlighted the social issues of child labour 
practice found in upstream confectionery supply chains and the nutritional and health 
benefits of confectionery products (Schrage and Ewing, 2005; FOE, 2005). In addition, from 
an economic perspective, the confectionery industry is already highly competitive. The 
application of Life Cycle Costing (LCC) can provide an assessment of the economic viability of 
products and technologies (Eriksson et al, 2016, Strazza et al, 2015). 
Another strategy to move the confectionery industry towards sustainability is for powerful 
and influential actors (organisations) in the confectionery supply chain to actively adopt a 
supply chain leadership role (Gosling et al, 2016), especially within the context of a 
Sustainable Supply Chain Management (SSCM) framework (Ansari and Kant, 2017, Esfahbodi 
et al, 2016). For example, supply chain leaders such as the largest confectionery 
manufacturers in the world can facilitate supply chain members to learn and adopt 
sustainability practice. This could be achieved by: 
• Educating suppliers about sustainable supply chains;  
• Providing training to improve sustainability performance; and  
• Engaging in joint efforts to advance sustainability goals beyond the resources of a 
single actor.  
Overall, supply chain leadership is an emerging field. The EngD project contributes to the 
empirical evidence of how confectionery companies can seek a leadership role within the 
confectionery supply chain. 
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9.5. Future Research 
The scope for further research continuing from this body of work is exciting. There are several 
opportunities in a number of areas that have the potential to further enhance the 
environmental sustainability of confectionery manufacturing. These include: 
(1) Investigate the recovery of heat by district heating systems and other technological 
interventions such as Organic Rankine Cycles (ORCs) and thermoelectric generators as 
part of the developed heat integration framework 
(2) Investigate the development of raw materials with lower environmental impact, 
especially for the following ingredients: sugar, glucose, starch, milk powder, cocoa 
butter, cocoa liquor, milk liquid, wheat flour and palm oil. 
(3) Investigate the environmental life cycle benefits of a wider range of renewable 
technologies, especially for heating applications. 
(4) Investigate the development of sector weights for different environmental impact 
categories 
(5) Investigate the development of LCA methodologies to analyse the environmental 
impact associated at an industry level e.g. European confectionery industry 
(6) Investigate the social and economic dimensions of confectionery manufacturing as 
part of a sustainability assessment framework 
(7) Investigate the role of multi-national confectionery companies to act as sustainable 
supply chain leaders  
 
Overall, the EngD project has culminated in several contributions to knowledge that 
substantially increases understanding of how to improve the environmental sustainability of 
confectionery manufacturing across the product, factory and supply chain level. The research 
will serve as a guide for future improvements, research and policies of confectionery 
manufacturers, supply chain actors, policy makers, and research institutes. 
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Appendix A: Calculations procedure for heat exchangers, 
tanks, piping and pumps 
A1.1. List of symbols 
𝑇 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, °𝐶−1  𝑓 = 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 
𝑅 = 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡ℎ𝑒 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑖𝑒𝑠 𝜇 = 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦, 𝑃𝑎. 𝑠 
𝑃 = 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑑 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑟𝑎𝑡𝑒 𝑒 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙, 𝑚𝑚 
𝑄 = ℎ𝑒𝑎𝑡 𝑑𝑢𝑡𝑦, 𝑘𝑊 𝑊 = 𝑤𝑜𝑟𝑘, 𝐽 
?̇? = 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒,  𝜂 = 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 
𝑚 =̇ 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒, 𝑘𝑔𝑠−1 𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑏𝑒𝑠 
𝑑 = 𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑚 𝐺 = 𝑠ℎ𝑒𝑙𝑙 𝑠𝑖𝑑𝑒 𝑚𝑎𝑠𝑠 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑘𝑔𝑠−1𝑚−2 
𝑉 = 𝑣𝑜𝑙𝑢𝑚𝑒, 𝑚3 𝐿 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑝𝑖𝑝𝑒, 𝑚 
𝑐𝑝 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦, 𝐽𝑘𝑔
−1°𝐶−1  𝑀 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑡𝑦𝑝𝑒 
𝐶 = 𝑐𝑜𝑠𝑡 𝑓𝑎𝑐𝑡𝑜𝑟, £ Subscripts: 
𝑅𝑒 = 𝑟𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 𝑖 = 𝑖𝑛𝑠𝑖𝑑𝑒 
∆𝑧 = 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛, 𝑚 𝑜 = 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 
𝑔 = 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  9.81 𝑚𝑠−1 𝑤 = 𝑤𝑎𝑡𝑒𝑟 
𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, 𝑘𝑔𝑚−3 𝑠 = 𝑠ℎ𝑒𝑙𝑙 
𝑃 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑃𝑎 𝑏 = 𝑡𝑢𝑏𝑒 𝑏𝑢𝑛𝑑𝑙𝑒 
𝑝 = 𝑝𝑖𝑡𝑐ℎ 𝑡 = 𝑡𝑢𝑏𝑒 
𝐹 = 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑐 = 𝐶𝑜𝑙𝑑 
𝐴 = 𝑎𝑟𝑒𝑎, 𝑚2 ℎ = ℎ𝑜𝑡 
𝑈 = 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, 𝑊𝑚−1°𝐶−1 𝐸 = 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 
𝑢𝑠 = 𝑙𝑖𝑛𝑒𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑚𝑠
−1 𝐵 = 𝑏𝑎𝑠𝑒 𝑐𝑜𝑠𝑡 
𝑑𝑒 = 𝑓ℎ𝑒𝑙𝑙 𝑠𝑖𝑑𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑚  
 
A1.2. List of equations  
Table A1. 1: List of equations used in the detailed analysis for heat exchangers, tanks, piping and pumps (Source: Sinnott and 
Towler, 2009, Smith, 2005, Linhoff et al, 1982) 
No Equation 
Eq. 1 
∆𝑇𝑙𝑚 =
𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑜𝑢𝑡
ln (
𝑇ℎ,𝑖𝑛
𝑇𝑐,𝑜𝑢𝑡
)
 
Eq. 2 
𝑅 =
𝑇ℎ,𝑖𝑛 − 𝑇ℎ,𝑜𝑢𝑡
𝑇𝑐,𝑜𝑢𝑡−𝑇𝑐,𝑖𝑛
 
Eq. 3 
𝑃 =
𝑇𝑐,𝑜𝑢𝑡−𝑇𝑐,𝑖𝑛
𝑇ℎ,𝑖𝑛 − 𝑇ℎ,𝑜𝑢𝑡
 
Eq. 4 𝑄 = 𝑈𝐴𝐹∆𝑇𝑙𝑚  
Eq. 5 
?̇?𝐻𝑇𝐹 =
𝑄𝐻𝑇𝐹
𝐶𝑝,𝐻𝑇𝐹(𝑇𝐻𝑇𝐹,𝑖𝑛 − 𝑇𝐻𝑇𝐹,𝑜𝑢𝑡)
 
Eq. 6 
?̇?𝐻𝑇𝐹 =
?̇?𝐻𝑇𝐹
𝜌𝐻𝑇𝐹
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Eq. 7 𝑉𝐻𝑇𝐹,𝑓𝑙𝑢𝑖𝑑 = ?̇?𝐻𝑇𝐹 × 1 × 3600 
Eq. 8 𝐶𝐻𝑇𝐹,𝑡𝑎𝑛𝑘 = 0.3129𝑉𝐻𝑇𝐹,𝑡𝑎𝑛𝑘 + 5267.1 
Eq. 9 𝑑𝑖,𝑜𝑝𝑡𝑖𝑚𝑢𝑚 = 260?̇?
0.52𝜌−0.37 
Eq. 10 𝐶𝑡𝑜𝑡𝑎𝑙,𝑝𝑖𝑝𝑒𝑠 = 𝐿𝑡𝑜𝑡𝑎𝑙 × 𝐶𝑝𝑖𝑝𝑒 
Eq. 11 
𝑔∆𝑧 +
∆𝑃𝑠
𝜌
−
∆𝑃𝑡𝑜𝑡𝑎𝑙 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒
𝜌
− 𝑊 = 0 
Eq. 12 
𝑃𝑜𝑤𝑒𝑟 =
𝑊 × ?̇?𝑊,𝑡𝑜𝑝
𝜂
 
Eq. 13 
∆𝑃𝑠 = 8𝑓 (
𝐷𝑠
𝑑𝑒
) (
𝐿
𝑙𝐵
)
𝜌𝜇𝑠
2
2
 
Eq. 14 𝑝𝑡 = 1.25𝑑0 
Eq. 15 
𝐴𝑡𝑜𝑡𝑎𝑙,𝑡𝑢𝑏𝑒 =
𝑄
𝑈𝐹∆𝑇𝑙𝑚
 
Eq. 16 𝐴 𝑡𝑢𝑏𝑒 = 𝜋𝐷𝐿 
Eq. 17 
𝑁𝑡𝑜𝑡𝑎𝑙,𝑡𝑢𝑏𝑒 =
𝐴𝑡𝑜𝑡𝑎𝑙,𝑡𝑢𝑏𝑒
𝐴 𝑡𝑢𝑏𝑒
 
Eq. 18 
𝐷𝑏 = 𝑑0 (
𝑁𝑡𝑜𝑡𝑎𝑙,𝑡𝑢𝑏𝑒
𝐾1
)
1
𝑛1
 
Eq. 19 𝐷𝑠 = 2 × 𝑠ℎ𝑒𝑙𝑙 − 𝑏𝑢𝑛𝑑𝑙𝑒 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 + 𝑏𝑢𝑛𝑑𝑙𝑒 𝑑𝑖𝑎𝑚𝑡𝑒𝑟 
Eq. 20 𝐷𝑜.𝑠 = 2 × 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑠ℎ𝑒𝑙𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 + 𝐷𝑠  
Eq. 21 𝑏𝑎𝑓𝑓𝑙𝑒 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 = 0.75 × 𝐷𝑠  
Eq. 22 
𝐴𝑠 =
(𝑝𝑡 − 𝑑0)𝐷𝑠𝑙𝐵
𝑝𝑡
 
Eq. 23 
𝐺𝑠 =
?̇?𝑤
𝐴𝑠
 
Eq. 24 
𝑢𝑠 =
𝐺𝑠
𝜌𝑤
 
Eq. 25 
𝑑𝑒 =
1.10
𝑑0
(𝑝𝑡
2 − 0.917𝑑0
2) 
Eq. 26 
𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 =
𝐺𝑠𝑑𝑒
𝜇𝑤
 
Eq. 27 ∆𝑃𝑡𝑜𝑡𝑎𝑙 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 ,𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒  
= ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒 + ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑓𝑖𝑡𝑡𝑖𝑛𝑔𝑠,𝑣𝑎𝑙𝑣𝑒𝑠 + ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑠ℎ𝑒𝑙𝑙  
Eq. 28 
∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒 = 8𝑓 (
𝐿
𝑑𝑖
)
𝜌𝜇𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒
2
2
 
Eq. 29 
𝑣 =
𝑄
𝐴𝑐𝑠
 
Eq. 30 
𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 =
𝜌𝐶𝑊𝑢𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒𝑑𝑖,𝑜𝑝𝑡𝑖𝑚𝑢𝑚
𝜇𝐶𝑊
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A1.3. Heat exchanger costs 
1. Calculate log mean temperature difference (LMTD) by using Eq.1. 
2. Adjust LMTD by correction factor as follows: 
2.1. Calculate ‘R’ and ‘P’ value by using Eq. 2 and 3. Where; R is the ratio of the 
thermal capcities of the two streams, P is the ratio of the achieved heat 
transfer rate to the maximum possible heat transfer rate. 
2.2. Look up correction factor value by intercepting ‘R’ and ‘P’ value on ‘Friction 
factor chart’ shown in Figure A1.1. 
 
Figure A1. 1: Correction factors for different thermal effectiveness (Linhoff et al, 1982). 
3. Adjust heat load requirements by correction factor using Eq. 4. 
4. Based on Linhoff et al (1982) cost factors for heat exchangers, calculate ‘Q/∆T’. 
5. Look up cost factors in Linhoff et al (1982) for calculated ‘‘Q/∆T’ for the hot and cold 
streams, shown in Table A1.2. 
 
 
 
 
Eq. 31 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 =
𝑒
𝑑𝑖,𝑜𝑝𝑡𝑖𝑚𝑢𝑚
 
Eq. 32 ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑓𝑖𝑡𝑡𝑖𝑛𝑔𝑠,𝑣𝑎𝑙𝑣𝑒𝑠 = ℎ𝑒𝑎𝑑 𝑙𝑜𝑠𝑠 × 𝑔 × 𝜌𝑊
 
Eq. 33 
𝑡𝑜𝑡𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ℎ𝑒𝑎𝑑 =
𝑢𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒
2
2𝑔
 
Eq. 34 𝐻𝑒𝑎𝑑 𝑙𝑜𝑠𝑠 = 𝑡𝑜𝑡𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ℎ𝑒𝑎𝑑 × 𝐾𝑇𝑜𝑡𝑎𝑙  
Eq. 35 
∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛,𝑠ℎ𝑒𝑙𝑙 = 8𝑓 (
𝐿
𝑑𝑒
)
𝜌𝜇𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒
2
2
 
Eq. 36 
𝐶𝐸 = 𝐶𝐵 (
𝑄
𝑄𝐵
)
𝑀
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Table A1. 2: Heat exchanger cost factors and overall heat transfer coefficients for different hot and cold fluids (Linhoff et al, 
1982). 
   Hot side fluid 
Q/ΔT 
Cold side fluid Parameter 
Low pressure 
gas – 1 bar 
High pressure 
gas – 20 bar 
Process water 
 
Low viscosity 
organic fluid 
High 
viscosity 
liquid 
Condensing 
steam 
Condensing 
hydrocarbon 
Condensing 
hydrocarbon 
with inert gas 
W/K 
1,000 
Low pressure 
gas (1 bar) 
U (W/m2K) 55 93 102 99 63 107 100 86 
C (£/(W/K)) 4.36 3.76 3.43 3.54 4.29 3.27 3.50 3.14 
High pressure 
gas (20 bar) 
U (W/m2K) 93 300 429 375 120 530 388 240 
C (£/(W/K)) 3.76 1.70 2.45 2.80 2.91 1.99 2.70 2.12 
Treated 
cooling water 
U (W/m2K) 105 484 938 714 142 1607 764 345 
C (£/(W/K)) 3.33 2.17 1.12 1.47 2.46 0.65 1.37 3.04 
Low viscosity 
organic liquid 
U (W/m2K) 99 375 600 500 130 818 524 286 
C (£/(W/K)) 3.54 2.80 1.75 2.10 2.69 1.28 2.00 1.78 
High viscosity 
liquid 
U (W/m2K) 68 138 161 153 82 173 155 214 
C (£/(W/K)) 3.97 2.54 3.16 3.33 3.29 2.94 3.28 2.82 
Boiling water 
U (W/m2K) 105 467 875 677 140 1432 722 336 
C (£/(W/K)) 3.33 2.25 1.20 1.55 2.50 0.73 1.45 3.13 
Boiling organic 
liquid 
U (W/m2K) 99 375 600 500 130 818 524 286 
C (£/(W/K)) 3.53 2.80 1.75 2.10 2.69 1.28 2.00 1.78 
5,000 
Low pressure 
gas (1 bar) 
U (W/m2K) 55 93 102 99 63 107 100 86 
C (£/(W/K)) 1.42 1.25 1.14 1.17 1.49 1.08 1.16 1.21 
High pressure 
gas (20 bar) 
U (W/m2K) 93 300 429 375 120 530 388 240 
C (£/(W/K)) 1.25 0.8 0.63 0.72 1.12 0.66 0.70 0.77 
Treated 
cooling water 
U (W/m2K) 105 484 938 720 142 1607 764 345 
C (£/(W/K)) 1.10 0.72 0.54 0.71 0.94 0.32 0.67 0.78 
Low viscosity 
organic liquid 
U (W/m2K) 99 375 600 500 130 818 524 286 
C (£/(W/K)) 1.17 0.72 0.58 0.70 1.03 0.62 0.67 0.84 
High viscosity 
liquid 
U (W/m2K) 68 138 161 153 82 173 155 124 
C (£/(W/K)) 1.38 0.97 0.83 0.88 1.27 0.77 0.864 1.08 
Boiling water 
U (W/m2K) 105 467 875 677 140 1432 722 336 
C (£/(W/K)) 1.10 0.75 0.58 0.52 0.96 0.36 0.70 0.80 
Boiling organic 
liquid 
U (W/m2K) 99 375 600 500 130 818 524 286 
C (£/(W/K)) 1.17 0.72 0.58 0.70 1.03 0.62 0.67 0.84 
30,000 
Low pressure 
gas (1 bar) 
U (W/m2K) 55 93 102 99 63 107 100 86 
C (£/(W/K)) 0.82 0.54 0.52 0.53 0.73 0.49 0.52 0.58 
High pressure 
gas (20 bar) 
U (W/m2K) 93 300 500 375 120 530 388 240 
C (£/(W/K)) 0.54 0.26 0.23 0.25 0.45 0.22 0.24 0.3 
Treated 
cooling water 
U (W/m2K) 105 484 938 714 142 1607 764 345 
C (£/(W/K)) 0.50 0.24 0.14 0.19 0.39 0.15 0.16 0.23 
Low viscosity 
organic liquid 
U (W/m2K) 99 375 600 500 130 818 524 286 
C (£/(W/K)) 0.53 0.25 0.19 0.23 0.43 0.16 0.20 0.27 
High viscosity 
liquid 
U (W/m2K) 68 138 161 153 82 173 155 124 
C (£/(W/K)) 0.69 0.41 0.40 0.34 0.59 0.37 0.36 0.44 
Boiling water 
U (W/m2K) 105 467 875 677 140 1432 722 336 
C (£/(W/K)) 0.50 0.22 0.15 0.17 0.40 0.13 0.19 0.23 
Boiling organic 
liquid 
U (W/m2K) 99 375 600 500 130 818 524 286 
C (£/(W/K)) 0.53 0.25 0.19 0.21 0.43 0.16 0.20 0.27 
100,000 
Low pressure 
gas (1 bar) 
U (W/m2K) 55 93 102 99 63 107 100 86 
C (£/(W/K)) 0.8 0.47 0.43 0.44 0.70 0.41 0.44 0.51 
High pressure 
gas (20 bar) 
U (W/m2K) 93 300 429 375 120 530 388 240 
C (£/(W/K)) 0.47 0.17 0.13 0.14 0.37 0.11 0.14 0.20 
Treated 
cooling water 
U (W/m2K) 105 484 938 714 142 1607 764 345 
C (£/(W/K)) 0.42 0.12 0.083 0.095 0.31 0.065 0.094 0.015 
Low viscosity 
organic liquid 
U (W/m2K) 99 375 609 500 130 818 524 286 
C (£/(W/K)) 0.44 0.14 0.11 0.11 0.345 0.088 0.11 0.17 
High viscosity 
liquid 
U (W/m2K) 68 138 161 153 82 173 155 124 
C (£/(W/K)) 0.65 0.32 0.27 0.29 0.54 0.25 0.28 0.35 
Boiling water 
U (W/m2K) 105 467 875 677 140 1432 722 336 
C (£/(W/K)) 0.42 0.12 0.082 0.10 0.31 0.066 0.094 0.15 
Boiling organic 
liquid 
U (W/m2K) 99 375 600 500 130 818 524 286 
C (£/(W/K)) 0.44 0.14 0.11 0.11 0.34 0.088 0.11 0.17 
1,000,000 
Low pressure 
gas (1 bar) 
U (W/m2K) 55 93 102 99 63 107 100 86 
C (£/(W/K)) 0.80 0.47 0.46 0.44 0.70 0.41 0.44 0.51 
High pressure 
gas (20 bar) 
U (W/m2K) 93 300 429 375 120 530 388 240 
C (£/(W/K)) 0.47 0.15 0.088 0.12 0.37 0.0 0.11 0.18 
Treated 
cooling water 
U (W/m2K) 105 484 938 714 142 1607 764 345 
C (£/(W/K)) 0.42 0.091 0.047 0.062 0.31 0.027 0.058 0.13 
Low viscosity 
organic liquid 
U (W/m2K) 99 375 600 500 130 818 524 286 
C (£/(W/K)) 0.44 0.12 0.073 0.088 0.34 0.054 0.084 0.15 
High viscosity 
liquid 
U (W/m2K) 68 138 161 153 82 173 155 124 
C (£/(W/K)) 0.65 0.32 0.27 0.29 0.54 0.25 0.28 0.35 
Boiling water 
U (W/m2K) 105 467 875 677 140 1432 722 336 
C (£/(W/K)) 0.42 0.094 0.050 0.065 0.31 0.031 0.061 0.13 
Boiling organic 
liquid 
U (W/m2K) 99 375 600 500 130 818 524 286 
C (£/(W/K)) 0.44 0.12 0.073 0.077 0.34 0.054 0.084 0.15 
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6. Adjust cost factors to current prices based on change of CEPCI (Chemical Engineering 
Plant Cost Index) index from 1982 to 2012 (Chemengonline, 2017). The CEPCI value 
for 1982 and 2012 are 314 and 584.6, respectively. The change represents an 
increase of 186%. As such, the original cost factors are adjusted by a factor of 1.86. 
7. Calculate the cost of the heat exchanger based on adjusted cost factor. 
 
A1.4. Heat Transfer Fluid (HTF) storage tanks size and costs: 
1. For the HTF temperature, select a temperature interval between the maximum 
(95°C) and the minimum, subject to a ∆Tmin = 5°C 
2. For the selected HTF temperature range, calculate the mass flowrate of water 
required by Eq. 5. 
3. Calculate the volumetric flowrate of water required by Eq. 6. 
4. Calculate the HTF inventory requirement based on a 1 hour cycle by Eq. 7. 
5. Calculate the cost of the tank based on an empirical cost curve using Eq. 8, derived 
from Figure A1.2. 
 
Figure A1. 2: Cost of tanks for different tank volume sizes (Source: EquipNet, 2017, Aaron Equipment, 2016, DTS, 2017, BOE, 
2015, Federal Equipment Company, 2017). 
6. Repeat steps 1 – 5 for different HTF temperature intervals. 
A1.5. Piping requirements and costs:   
1. Assume the following piping route shown in Figure A1.3 and A1.4 for indirect heat 
integration for intra-zonal and inter-zonal heat integration. Further adjustments can 
be made based on locale expert judgment. 
y = 0.3129x + 5267.1
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Figure A1. 3: Piping route for intra-zonal heat integration. 
 
Figure A1. 4: Piping route for inter-zonal heat integration. 
2. For the overhead piping routes, estimate the pipe length required for the forward 
and backward pipes to the HTF storage tank and heat exchangers by mapping the 
route on a birds-eye view of the factory layout. 
3. Calculate the diameter of the pipeline using Eq. 9. 
4. Calculate the cost of piping based on cost estimates for different pipe diameters 
provided by a mechanical piping company at the Nestlé Fawdon factory, shown in 
Table A1.3. Eq. 10 can be used to calculate the total costs of piping. 
Table A1. 3: Cost factors for different pipe size lengths based on diameter (Source: Nestlé, 2015). 
Pipe diameter (inch) Pipe diameter (m) Cost per meter (£) 
1” 0.0254 6 
1.5” 0.0381 8-10 
2” 0.508 12 
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A1.6. Pumping requirements and costs: 
1. The pump power requirements can be derived from Bernoulli’s equation shown by 
Eq. 11 and 12. 
2. First, calculate the shell-side pressure drop by determining the individual parameters 
in Eq. 13 as follows: 
2.1. By assuming an equilateral triangle tube arrangement and an outside tube 
diameter of 30mm, the tube pitch can be calculated by Eq. 14. 
2.2. Determine the number of tubes using Eq. 15, 16 and 17. The overall heat 
transfer coefficient (U) is extracted from the cost factor tables found in 
Linnhoff et al (1982), see Table 1. 
2.3. Next, the bundle diameter can be estimated by using Eq. 18. This formula is 
an empirical equation based on standard tube layouts. The constants for use 
in this equation for triangular patterns are given in Table A1.4. It is assumed 
only one pass. 
Table A1. 4: Constants for triangular pitch tube arrangements (Sinnott and Towler, 2009). 
 
2.4. Calculate the inside shell diameter by using Eq. 19. The shell bundle clearance 
can be extracted in Figure A1.5 by assuming a split-ring floating head. This 
type of design is chosen it uses a straight-tube design which allows for 
differential thermal expansion between the shell and tube bundle. It also 
provides a higher surface per given shell and tube diameter than pull-through 
designs. 
 
Figure A1. 5: Clearance space for different tube diameters for different heat exchanger designs (Sinnott and 
Towler, 2009). 
2.5. Calculate the outside shell diameter by using Eq. 20. The minimum shell 
thickness for stainless steel is assumed to be 4.8 mm (BS 3274 and the TEMA 
standards). 
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2.6. Calculate the baffle spacing by Eq. 21 by assuming 0.4 as the optimum 
spacing.  
2.7. Calculate the area for cross-flow by Eq. 22. 
2.8. Calculate the shell-side mass velocity and the linear velocity by Eq. 23 and 24. 
2.9. Calculate the shell-side equivalent diameter for a equilateral triangular pitch 
arrangement by Eq. 25.  
2.10. Calculate the Reynolds number by Eq. 26. 
2.11. Look up friction factor for shell-side using Figure A1.6. 
 
Figure A1. 6: Shell-side friction factor chart (Sinnott and Towler, 2009).   
3. For the total pressure drop due to friction in pipeline is calculated by Eq. 27.  
4. The pressure drop due to friction in pipeline is calculated by Eq. 28. The individual 
parameters are determined as follows: 
4.1. Calculate the diameter of the pipeline using Eq. 9. 
4.2. Calculate the volumetric flowrate of water using Eq. 6. 
4.3. Calculate the velocity of water using Eq. 29. 
4.4. Calculate the Reynolds number using Eq. 30. 
4.5. Calculate the relative roughness of steel pipe using Eq. 31. Assume the 
absolute roughness of commercial steel pipe is: 0.046 mm (Sinnott and 
Towler, 2009). 
4.6. For the calculated Reynolds number, look up the value f (Friction factor) for 
the relative roughness on the friction factor chart shown in Figure A1.7. 
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Figure A1. 7: Friction factor chart for steel pipes (Sinnott and Towler, 2009). 
5. The pressure drop due to friction from pipe fittings and valves in the pipeline is 
calculated by Eq. 32. The individual parameters are determined as follows: 
5.1. Calculate the total velocity head by using Eq. 33. 
5.2. From the pipe routing, determine the number of velocity heads using the 
values for different fittings and valves in Table A1.3. Calculate the head loss 
using Eq. 34. 
Table A1. 5: Velocity head for different pipe fittings and valves (Sinnott and Towler, 2009). 
Fitting / valve Number of velocity head (K) 
90° standard radius elbow 0.7  
Sudden expansion (tank intlet) 1.0 
Sharp reduction (tank outlet) 0.5 
 
6. The pressure drop due to friction across the shell is calculated by Eq. 35. The 
individual parameters can be found from previous calculations. 
7. Calculate pump power by Eq. 12. 
8. Calculate capital cost of pumps by Eq. 36 (Smith, 2005). CB = 1.97 x 103, QB = 1, M = 
0.35. The cost factors are adjusted to current prices based on change of CEPCI 
(Chemical Engineering Plant Cost Index) index from 2000 to 2012. 
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Appendix B: Vapour compression cycle and temperature 
cascade of Ammonia heat pump  
An example of a vapour compression cycle for Ammonia heat pump is shown in Figure B1.1. The 
temperature cycle is shown for stream 14 in Table B1.1. 
 
Figure B1. 1: Vapour compression cycle for an Ammonia heat pump configuration (Source: STAR Refrigeration, 
2015) 
Table B1. 1: Temperature cascade for heat pump system based on a ∆Tmin = 5°C. 
Stream Heat source 
temperature 
(°C) 
Propylene glycol 
temperature 
(°C) 
Evaporator 
temperature 
(°C) 
Compressor 
temperature lift 
(°C) 
Condenser 
temperature 
(°C) 
Propylene 
glycol (°C) 
Heat sink 
temperature 
(°C) 
14 22 – 18  8 – 13  (-)2 – 3  (1) 3  28 
(2) 28  53 
(3) 53  67 
67 – 62  57 – 52  44 – 47  
2 30 – 10  0 – 5 -10 – (-)5 (1) (-)5  20 
(2) 20  45 
(3) 50  67 
67 – 62  57 – 52  44 – 47  
3 40 – 25  15 – 20  5 – 10  (1) 10  35 
(2) 35  60 
(3) 60  67 
67 – 62  57 – 52  44 – 47  
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Appendix C: Life Cycle Inventory data collection 
questionnaire 
1. Supplier information  
Below is a list of people who may be able to contribute to the completion of this section: 
1. Key account manager 
2. Environment / sustainability manager 
3. Nestlé LCA contact 
4. Factory manager 
 
 
If the information below is incorrect please change accordingly.  
 
2.0. In Figure 1 what stages of the supply chain can you provide data? If stage 1 does not fall into 
direct operations but can be collected through further engagement please mark the box. 
Stage 1:  
Raw Materials  
Extraction 
☐ Stage 2:  
Ingredients  
Manufacturing 
Site 
☐ Stage 3:  
Ingredients  
Distribution 
Centre 
☐ 
 
2.1. If stage 1 was selected can you request environmental information if a data template was 
provided, subject to further discussion? 
  YES ☐ NO ☐ 
 
2.2. Is there a LCA available for the supplied product? If yes, would you be able to provide a copy of the 
LCA for the supplied product subject to further discussion. 
YES ☐ NO ☐ 
 
2.3. Is the manufacturing site of the supplied product ISO14000 certified?  
YES ☐ NO ☐ 
 
2.4. Are you classified as an SME? Please see definition of SME by European Commission.  
YES ☐ NO ☐ 
 
1.1. Supplier name  
1.2. Key account manager name   
1.3. Key account manager email address  
1.4. Environment / sustainability manager 
name 
 
1.5. Environment / sustainability manager 
email address 
 
1.6. Supplier manufacturing site address  
1.7. Manufacturing site vendor number  
1.8. Name of purchased supplied product   
1.9. Material code of purchased supplied 
product 
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N.B. The information requested for the rest of this form applies only to stage 2: Ingredients 
manufacturing site. 
 
2. Production 
Below is a list of people who may be able to contribute to the completion of this section: 
1. Factory production staff 
2. Environment / sustainability manager 
3. Factory manager 
4. Factory engineers 
 
2.1. Are there multiple factories at the manufacturing site? If yes, please indicate how many. 
  YES ☐ NO ☐ 
Number of factories    
 
2.2. What is the production volume of the different products at the manufacturing site?  Please 
complete the table. 
Factory Product name Quantity Units Data coverage Data source 
    2013  
    2013  
    2013  
    2013  
    2013  
    2013  
    2013  
    2013  
    2013  
Please insert new rows as necessary. 
2.3. Can you please provide a block diagram of the supplied product process? If yes, please provide 
the block diagram as an attachment. 
YES ☐ NO ☐ 
 
2.4. What are the raw materials required to manufacture 1 kg or 1 ton of supplied product? Please 
complete the table. 
Raw material name Quantity Units Data coverage Data source 
   2013  
   2013  
   2013  
   2013  
   2013  
   2013  
   2013  
   2013  
   2013  
Please insert new rows as necessary. 
3. Land footprint 
Below is a list of people of may be able to contribute to the completion of this section:   
1. Environment / sustainability manager 
2. Factory manager 
4. Facilities manager 
5. Factory SHE manager 
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3. Factory engineers 
 
 
3.1. What is the land area covered by the supplied product manufacturing plant(s)? Please provide 
data in m2. 
 m2 
 
3.2. What is the land area covered by the total manufacturing site? Please provide data in m2. 
 m2 
4. Energy 
Below is a list of people of may be able to contribute to the completion of this section:   
1. Environment / sustainability manager 
2. Factory manager  
3. Factory engineers 
4. Facilities manager 
5. Factory SHE manager 
 
 
4.1. At what spatial level can you provide energy data? If calculations and approximations are required 
please mark the relevant boxes. 
Product level ☐ Plant level ☐ Factory level ☐ Manufacturing site level ☐ 
 
4.2. Please provide the following energy data at a factory level. 
Energy type Quantity  Units Data coverage Data source 
Electricity 
Import 
  2013  
Electricity 
Export 
  2013  
Natural Gas   2013  
Steam   2013  
Crude oil   2013  
Coal   2013  
Other  
(please specify) 
  2013  
Please insert new rows as necessary. 
4.3. Please provide the following energy data for the supplied product level. If approximations are 
made, please make clear. 
Energy type Quantity  Units Data coverage Data source 
Electricity 
Import 
  2013  
Electricity 
Export 
  2013  
Natural Gas   2013  
Steam   2013  
Crude oil   2013  
Coal   2013  
Other  
(please specify) 
  2013  
Please insert new rows as necessary. 
4.4. Please complete the table about the imported electricity?  
Country Quantity Units Data coverage Data source 
   2013  
   2013  
Please insert new rows as necessary. 
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4.5. Is there combustion equipment on-site that supplies energy to the processes manufacturing 
the supplied product?  If yes, please complete the table and state if it is a gas boiler, coal boiler or CHP. 
YES ☐ NO ☐  Gas boiler ☐  Coal boiler ☐  CHP ☐ 
 
Emission type Quantity Units Data coverage Data source 
CO2   2013  
CH4   2013  
N2O   2013  
Other 
(please specify) 
  2013  
Please insert new rows as necessary. 
4.6. What is the Net Calorific Value of the gas fuel type? Please provide a reference. 
 MJ/kg 
5. Water 
Below is a list of people of may be able to contribute to the completion of this section:   
1. Environment / sustainability manager 
2. Factory manager  
3. Factory engineers 
4. Facilities manager 
5. Factory SHE manager 
 
 
5.1. Is water used in the manufacturing process of the product supplied?  If yes, please complete the 
rest of this section. 
YES ☐ NO ☐ 
 
5.2. At what spatial level can you provide water data?  
Product level ☐ Plant level ☐ Factory level ☐ Manufacturing site level ☐ 
 
5.3. Please provide the following water data at a factory level. 
Source  Quantity Units Data coverage Data source 
Mains water   2013  
River water   2013  
Ground water   2013  
Recycled water   2013  
Other 
(please specify) 
  2013  
Please insert new rows as necessary. 
5.4. Please provide the following water data for the supplied product level. If approximations are 
made, please make clear. 
Source  Quantity Units Data coverage Data source 
Mains water   2013  
River water   2013  
Ground water   2013  
Recycled water   2013  
Other 
(please specify) 
  2013  
Please insert new rows as necessary. 
6. Atmospheric Emissions from processes 
Below is a list of people of may be able to contribute to the completion of this section:   
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1. Environment / sustainability 
manager 
2. Factory manager  
3. Factory engineers 
4. Facilities manager 
5. Factory SHE manager 
 
6.1. Are there emissions from the processes of the manufactured product? If yes, please complete the 
table. 
YES ☐ NO ☐ 
 
Emission type Equipment source Quantity Units Data coverage Data source 
Particulate 
matter 
   2013  
VOCs    2013  
Water vapour    2013  
Other 
(please specify) 
   2013  
Please insert new rows as necessary. 
7. Solid waste from processes 
Below is a list of people of may be able to contribute to the completion of this section:   
1. Environment / sustainability 
manager 
2. Factory manager  
3. Factory engineers 
4. Facilities manager 
5. Factory SHE manager 
 
7.1. At what spatial level can you provide solid waste data?  
Product level ☐ Plant level ☐ Factory level ☐ Manufacturing site level ☐ 
 
7.2. Are there solid wastes generated from the processes of the manufactured product? If yes, 
please complete the table. 
YES ☐ NO ☐ 
Solid waste type Quantity Units Data coverage Data source 
   2013  
   2013  
   2013  
   2013  
   2013  
   2013  
   2013  
Please insert new rows as necessary. 
8. Liquid waste from processes 
Below is a list of people of may be able to contribute to the completion of this section:   
1. Environment / sustainability 
manager 
2. Factory manager  
3. Factory engineers 
4. Facilities manager 
5. Factory SHE manager 
8.1. At what spatial level can you provide wastewater data?  
Product level ☐ Plant level ☐ Factory level ☐ Manufacturing site level ☐ 
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8.2. Are there liquid wastes generated from the processes of the manufactured product? If yes, 
please complete the table. 
YES ☐ NO ☐ 
 
liquid waste 
type 
Quantity Units COD 
(mg/l) 
BOD 
(mg/l) 
Data 
coverage 
Data source 
Process 
wastewater 
 m3   2013  
     2013  
     2013  
Please insert new rows as necessary. 
9. Transportation of supplied product to York factory 
Below is a list of people of may be able to contribute to the completion of this section:   
1. Key account manager 
2. Logistics manager 
 
 
1.1. Can you please describe the transportation route from the supplied product 
manufacturing site to York factory? If possible, please breakdown the transport route into steps.  
Example 
 
 
To be completed by supplier. 
Please insert new rows as necessary. 
Start location End location Distance Units Mode of 
transport 
Percentage of 
vehicle filling (%) on 
supply journey 
Percentage of 
vehicle filling (%) 
on return journey 
Sugar Corp Factory 
123 Sugar Lane 
USA 
DX1 5FI 
Sugar Corp 
Distribution 
Centre 
100 km Truck 50% 0% 
Sugar Corp Distribution 
Centre 
East Cost 
Shipping Port 
200 km Truck 5% 0% 
East Cost Shipping Port Hull Shipping 
Port 
5000 km Ship Unknown 0% 
Hull Shipping Port Supplier 
Distribution 
Centre 
150 km Truck Unknown  0% 
Supplier Distribution Centre Fawdon factory 100 km Truck Unknown  100% (empty 
containers and 
pallets) 
Start location End location Distance Units Mode of 
transport 
Percentage of 
vehicle filling (%) 
on supply journey 
Percentage of 
vehicle filling (%) 
on return 
journey 
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Appendix D: LCI data and LCIA of confectionery ingredients 
and packaging materials 
 
Table D1. 1: Modelling information on GaBi LCA software (Thinkstep, 2015). 
Energy type Unit Name of LCI profile LCI DB 
Electricity kWh Electricity, medium voltage, productiona  Ecoinvent v.2.2 
Natural gas MJ RER: heat, natural gas, at industrial furnace >100kW Ecoinvent v.2.2 
Heavy oil MJ RER: heavy fuel oil, burned in industrial furnace 1MW, non-modulating Ecoinvent v.2.2 
Coal MJ RER: hard coal, burned in industrial furnace 1-10MW Ecoinvent v.2.2 
Biomass MJ CH: heat, softwood chips from industry, at furnace 1000kW Ecoinvent v.2.2 
a = profile matched to closest country. 
Table D1. 2: LCI collected from confectionery suppliers across the world based on a system boundary of gate-
to-gate and functional unit of 1 kg of product. 
NO Material name Location 
Electricity 
(kWh/kg) 
Natural Gas 
(MJ/kg) 
Heavy Oil 
(MJ/kg) 
Coal 
(MJ/kg) 
Biomass 
(MJ/kg) 
1 Aluminium foil ENGLAND 0.254 12.35 0 0 0 
2 Aluminium foil ENGLAND 0.424 1.97 0 0 0 
3 Apple grape juice concentrate SPAIN 0.182 7.52 0 0 0 
4 Apple juice concentrate  POLAND 0.472 3.1 0 0 0 
5 Apple liquid flavour GERMANY 0.094 2.84 0 0 0 
6 
Biscuit shortcake milk chocolate 
coated 
ENGLAND 0.597 0.84 0 0 0 
7 Blackcurrant liquid flavour GERMANY 0.611 4.9 0 0 0 
8 Blackcurrant liquid flavour GERMANY 0.094 2.84 0 0 0 
9 Blackcurrant liquid flavour  SWITZERLAND 1.028 9.8 0 0 0 
10 Polypropylene film ENGLAND 1.143 12.16 0 0 0 
11 Polypropylene film ENGLAND 1.143 12.16 0 0 0 
12 Polypropylene film ENGLAND 0.788 3.35 0 0 0 
13 Polypropylene film ENGLAND 0.788 3.35 0 0 0 
14 BOPP metallised film ENGLAND 1.143 12.16 0 0 0 
15 Cocoa butter (bean processing site) GERMANY 0.163 1.23 0 0 0 
16 
Cocoa butter (non-bean processing 
site)  
ENGLAND 0.033 1.12 0 0 0 
17 Cocoa liquor  ENGLAND 0.211 1.14 0 0 0 
18 Coconut powder PHILIPPINES 0.5 0 0 0 22.137 
19 Corrugated board (single face) ENGLAND 0.821 0 0 0 0 
20 Corrugated board (single wall) SCOTLAND 0.279 1.94 0 0 0 
21 Corrugated board (single wall) ENGLAND 0.172 1.74 0 0 0 
22 Corrugated board (single wall) ENGLAND 0.268 1.4 0 0 0 
23 Flour Wheat SCOTLAND 0.119 0 0 0 0 
24 Flour Wheat Wholemeal Unbleached SCOTLAND 0.119 0 0 0 0 
25 Flour whole oats  ENGLAND 0.06157 0.59 0 0 0 
26 Gelatine bovine powder ITALY 1.011 23.25 0 0 0 
27 Granulated [white] Sugar ENGLAND 0.000888 14.33 0 0 0 
28 Granulated [white] Sugar FRANCE 0.01321 2.05 0 0 0 
29 Gum arabic powder FRANCE 0.289 11.28 0 0 0 
30 Gum arabic powder  ENGLAND 0.775 12.81 0 0 0 
31 Gum arabic powder  FRANCE 0.56 10.08 0 0 0 
32 Laminate film; aluminium and BOPP AUSTRIA 1.779 6.11 0 0 0 
33 Laminate film; aluminium and Paper AUSTRIA 1.386 13.35 0 0 0 
34 Laminate film; aluminium and Paper AUSTRIA 1.619 13.49 0 0 0 
35 Laminate film; aluminium and Paper ENGLAND 0.424 1.97 0 0 0 
36 Lecithin  SPAIN 0.23 2.68 0 0 0 
37 Lemon liquid flavour GERMANY 0.611 4.9 0 0 0 
38 Lemon liquid flavour GERMANY 0.094 2.84 0 0 0 
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39 Lime liquid flavour GERMANY 0.611 4.9 0 0 0 
40 Liquid refined sugar ENGLAND 0.037 0.02 0 0 0 
41 Malt liquid extract SCOTLAND 0.096 7.55 0 0 0 
42 Milk Skimmed Powder ENGLAND 0.339 4.01 0 0 0 
43 Multilayer - Plastics; (1) OPP, (2) PP ENGLAND 0.441 1.7 0 0 0 
44 Orange liquid flavour GERMANY 0.611 4.9 0 0 0 
45 Orange liquid flavour GERMANY 0.611 4.9 0 0 0 
46 Paper and fiber board ENGLAND 1.002 1.12 0 0 0 
47 Paper and fiberboard ENGLAND 0.632 3.39 0 0 0 
48 Peppermint oil SWITZERLAND 1.028 9.8 0 0 0 
49 Polypropylene film ENGLAND 1.143 12.16 0 0 0 
50 Solid fiber board ENGLAND 1.139 1.28 0 0 0 
51 Strawberry juice concentrate POLAND 0.15 8.32 0 0 0 
52 Strawberry juice concentrate  POLAND 0.472 3.1 0 0 0 
53 Strawberry liquid flavour SWITZERLAND 0.26 2.31 0 0 0 
54 Strawberry liquid flavour SWITZERLAND 1.028 9.8 0 0 0 
55 Sugar Black Liquid ENGLAND 0.000888 14.33 0 0 0 
56 Sugar Black Liquid ENGLAND 0.031 0.02 0 0 0 
57 Sugar icing ENGLAND 0.000888 14.33 0 0 0 
58 Sugar Invert Liquid ENGLAND 0.021 0.02 0 0 0 
59 Sugar White Liquid ENGLAND 0.000888 14.33 0 0 0 
60 Sugar White Liquid  ENGLAND 0.037 0.02 0 0 0 
61 Toffee liquid flavour GERMANY 0.611 4.9 0 0 0 
62 Vanilla liquid flavour FRANCE 0.484 1.19 0 0 0 
63 Vanilla liquid flavour GERMANY 0.094 2.84 0 0 0 
64 Vanilla liquid flavour  FRANCE 0.576 1.41 0 0 0 
65 Whey permeate powder Ireland 0.47 0 1.0836 5.4492 0 
66 Whey permeate powder ENGLAND 1.114 14.37 0 0 0 
67 Wrapper paper ENGLAND 0.632 3.39 0 0 0 
68 Strawberry Juice Conc POLAND 0.15 8.32 0 0 0 
69 Gum Arabic Powder FRANCE 0.289 11.28 0 0 0 
70 Polypropylene ENGLAND 0.0312 0.12 0 0 0 
71 Gelatine Bovine Powder SWITZERLAND 0.2075 0 0 0 0 
72 Gelatine Bovine Powder BRAZIL 0.106 0 0 0 0 
73 Gelatine Bovine Powder BRAZIL 3.227 0 4.73 0 0 
74 Gelatine Bovine Powder BRAZIL 2.624 0 36.98 0 0 
75 Milk Skimmed Sweetened Cond  NETHERLANDS 0.093 1.36 0 0 0 
76 Gelatine Bovine Powder ARGENTINA 3.248 4.09 8.815 0 0 
77 Gelatine Bovine Powder  BRAZIL 2.363 3.36 0 0 54.7 
78 Gelatine Bovine Powder  BRAZIL 1.952 0 4.7484 0 54.7 
79 Confectionery factory ENGLAND 1.405 3.31 0 0 0 
80 Chocolate confectionery products ENGLAND 1.22 3.36 0 0 0 
81 Sugar confectionery products ENGLAND 1.672 3.15 0 0 0 
82 Biscuit confectionery products ENGLAND 1.65 3.54 0 0 0 
83 Milk crumb SCOTLAND 0.1996 2.3 0 0 0 
84 Milk Chocolate ENGLAND 0.2025 0.56 0 0 0 
85 Wafer flavour GERMANY 0.611 4.9 0 0 0 
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Table D1. 3: Example of converted LCI to LCIA for confectionery ingredients and packaging materials based on a system 
boundary of gate-to-gate and functional unit of 1 kg of product. 
NO Material name Location 
GWP              
(kg CO2-eq) 
ADP                
(kg Sb-eq) 
Aquatic 
acidification 
(kg SO2-eq. 
to air) 
Aquatic 
eutrophication 
(kg PO4-eq. to 
water) 
Agricultural 
land 
occupation 
(m2a) 
Water 
depletion 
(m3) 
1 Aluminium foil ENGLAND 1.03 5.05E-08 6.77E-04 1.69E-04 3.07E-03 0.31 
2 Aluminium foil ENGLAND 0.39 2.37E-08 6.07E-04 2.22E-04 4.66E-03 0.38 
3 Apple grape juice concentrate SPAIN 0.63 3.46E-08 8.19E-04 1.42E-04 2.14E-03 0.81 
4 Apple juice concentrate  POLAND 0.75 3.04E-08 2.41E-03 1.73E-03 1.11E-02 0.53 
5 Apple liquid flavour GERMANY 0.27 1.47E-08 1.29E-04 2.46E-04 9.22E-04 0.18 
6 
Biscuit shortcake milk 
chocolate coated 
ENGLAND 0.41 2.71E-08 8.01E-04 3.07E-04 6.51E-03 0.52 
7 Blackcurrant liquid flavour GERMANY 0.75 5.11E-08 4.64E-04 1.49E-03 5.55E-03 1.30 
8 Blackcurrant liquid flavour GERMANY 0.26 1.46E-08 1.30E-04 2.36E-04 9.06E-04 0.22 
9 Blackcurrant liquid flavour  SWITZERLAND 0.83 7.45E-08 6.93E-04 3.72E-04 2.35E-03 8.03 
10 Polypropylene film ENGLAND 1.55 8.62E-08 1.83E-03 6.22E-04 1.27E-02 1.07 
11 Polypropylene film ENGLAND 1.55 8.62E-08 1.83E-03 6.22E-04 1.27E-02 1.07 
12 Polypropylene film ENGLAND 0.71 4.30E-08 1.12E-03 4.12E-04 8.65E-03 0.70 
13 Polypropylene film ENGLAND 0.71 4.30E-08 1.12E-03 4.12E-04 8.65E-03 0.70 
14 BOPP metallised film ENGLAND 1.55 8.62E-08 1.83E-03 6.22E-04 1.27E-02 1.07 
15 
Cocoa butter (bean processing 
site) 
GERMANY 0.19 1.34E-08 1.22E-04 3.97E-04 1.48E-03 0.35 
16 
Cocoa butter (non-bean 
processing site)  
ENGLAND 0.10 4.99E-09 7.43E-05 2.04E-05 3.87E-04 0.04 
17 Cocoa liquor  ENGLAND 0.21 1.23E-08 3.07E-04 1.11E-04 2.32E-03 0.19 
18 Coconut powder PHILIPPINIES 0.25 1.88E-07 9.22E-04 6.01E-04 3.87E-01 11.21 
19 Corrugated board (single face) ENGLAND 0.49 3.35E-08 1.07E-03 4.18E-04 8.93E-03 0.70 
20 Corrugated board (single wall) SCOTLAND 0.30 1.77E-08 4.18E-04 1.48E-04 3.08E-03 0.25 
21 Corrugated board (single wall) ENGLAND 0.23 1.27E-08 2.73E-04 9.33E-05 1.91E-03 0.16 
22 Corrugated board (single wall) ENGLAND 0.26 1.55E-08 3.88E-04 1.41E-04 2.95E-03 0.24 
23 Flour Wheat SCOTLAND 0.07 4.85E-09 1.55E-04 6.06E-05 1.29E-03 0.10 
24 
Flour Wheat Wholemeal 
Unbleached 
SCOTLAND 0.07 4.85E-09 1.55E-04 6.06E-05 1.29E-03 0.10 
25 Flour whole oats  ENGLAND 0.08 4.43E-09 9.67E-05 3.33E-05 6.84E-04 0.06 
26 Gelatine bovine powder ITALY 2.24 1.19E-07 2.55E-03 4.91E-04 3.37E-03 4.04 
27 Granulated [white] Sugar ENGLAND 1.03 4.67E-08 4.03E-04 4.70E-05 3.68E-04 0.11 
28 Granulated [white] Sugar FRANCE 0.15 7.27E-09 6.20E-05 8.34E-06 7.42E-05 0.07 
29 Gum arabic powder FRANCE 0.83 4.98E-08 4.16E-04 7.35E-05 7.86E-04 1.33 
30 Gum arabic powder  ENGLAND 1.38 7.33E-08 1.37E-03 4.36E-04 8.75E-03 0.76 
31 Gum arabic powder  FRANCE 0.77 5.82E-08 4.76E-04 1.04E-04 1.23E-03 2.49 
32 
Laminate film; aluminium and 
BOPP 
AUSTRIA 1.14 9.50E-08 9.21E-04 1.43E-03 1.34E-02 30.35 
33 
Laminate film; aluminium and 
Paper 
AUSTRIA 1.50 1.02E-07 9.58E-04 1.14E-03 1.06E-02 23.71 
34 
Laminate film; aluminium and 
Paper 
AUSTRIA 1.61 1.12E-07 1.06E-03 1.33E-03 1.24E-02 27.68 
35 
Laminate film; aluminium and 
Paper 
ENGLAND 0.39 2.37E-08 6.07E-04 2.22E-04 4.66E-03 0.38 
36 Lecithin  SPAIN 0.31 2.15E-08 8.44E-04 1.57E-04 2.54E-03 0.97 
37 Lemon liquid flavour GERMANY 0.75 5.11E-08 4.64E-04 1.49E-03 5.55E-03 1.30 
38 Lemon liquid flavour GERMANY 0.26 1.46E-08 1.30E-04 2.36E-04 9.06E-04 0.22 
39 Lime liquid flavour GERMANY 0.75 5.11E-08 4.64E-04 1.49E-03 5.55E-03 1.30 
40 Liquid refined sugar ENGLAND 0.02 1.57E-09 4.87E-05 1.89E-05 4.03E-04 0.03 
41 Malt liquid extract SCOTLAND 0.60 2.85E-08 3.37E-04 7.34E-05 1.23E-03 0.14 
42 Milk Skimmed Powder ENGLAND 0.49 2.69E-08 5.54E-04 1.86E-04 3.79E-03 0.32 
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43 
Multilayer - Plastics; (1) OPP, 
(2) PP 
ENGLAND 0.38 2.35E-08 6.22E-04 2.30E-04 4.84E-03 0.39 
44 Orange liquid flavour GERMANY 0.75 5.11E-08 4.64E-04 1.49E-03 5.55E-03 1.30 
45 Orange liquid flavour GERMANY 0.75 5.11E-08 4.64E-04 1.49E-03 5.55E-03 1.30 
46 Palm oil refined block  ENGLAND             
47 Paper and fiber board ENGLAND 0.67 4.45E-08 1.34E-03 5.14E-04 1.09E-02 0.86 
48 Paper and fiberboard ENGLAND 0.62 3.68E-08 9.18E-04 3.33E-04 6.96E-03 0.57 
49 Peppermint oil SWITZERLAND 0.83 7.45E-08 6.93E-04 3.72E-04 2.35E-03 8.03 
50 Polypropylene film ENGLAND 1.55 8.62E-08 1.83E-03 6.22E-04 1.27E-02 1.07 
51 Solid fiber board ENGLAND 0.77 5.06E-08 1.52E-03 5.84E-04 1.24E-02 0.98 
52 Strawberry juice concentrate POLAND 0.76 3.35E-08 9.71E-04 5.72E-04 3.71E-03 0.22 
53 Strawberry juice concentrate  POLAND 0.75 3.04E-08 2.41E-03 1.73E-03 1.11E-02 0.53 
54 Strawberry liquid flavour SWITZERLAND 0.20 1.83E-08 1.71E-04 9.34E-05 5.91E-04 2.03 
55 Strawberry liquid flavour SWITZERLAND 0.83 7.45E-08 6.93E-04 3.72E-04 2.35E-03 8.03 
56 Sugar Black Liquid ENGLAND 1.03 4.67E-08 4.03E-04 4.70E-05 3.68E-04 0.11 
57 Sugar Black Liquid ENGLAND 0.02 1.33E-09 4.09E-05 1.59E-05 3.38E-04 0.03 
58 Sugar icing ENGLAND 1.03 4.67E-08 4.03E-04 4.70E-05 3.68E-04 0.11 
59 Sugar Invert Liquid ENGLAND 0.01 9.21E-10 2.79E-05 1.08E-05 2.29E-04 0.02 
60 Sugar White Liquid ENGLAND 1.03 4.67E-08 4.03E-04 4.70E-05 3.68E-04 0.11 
61 Sugar White Liquid  ENGLAND 0.02 1.57E-09 4.87E-05 1.89E-05 4.03E-04 0.03 
62 Toffee liquid flavour GERMANY 0.75 5.11E-08 4.64E-04 1.49E-03 5.55E-03 1.30 
63 Vanilla liquid flavour FRANCE 0.13 2.58E-08 2.01E-04 6.56E-05 8.74E-04 2.09 
64 Vanilla liquid flavour GERMANY 0.26 1.46E-08 1.30E-04 2.36E-04 9.06E-04 0.22 
65 Vanilla liquid flavour  FRANCE 0.15 3.07E-08 2.39E-04 7.80E-05 1.04E-03 2.49 
66 Whey permeate powder Ireland 1.03 4.84E-08 4.61E-03 7.83E-04 1.51E-02 0.82 
67 Whey permeate powder ENGLAND 1.69 9.22E-08 1.85E-03 6.14E-04 1.25E-02 1.06 
68 Wrapper paper ENGLAND 0.62 3.68E-08 9.18E-04 3.33E-04 6.96E-03 0.57 
69 Strawberry Juice Conc POLAND 0.76 3.35E-08 9.71E-04 5.72E-04 3.71E-03 0.22 
70 Gum Arabic Powder FRANCE 0.83 4.98E-08 4.16E-04 7.35E-05 7.86E-04 1.33 
71 Polypropylene ENGLAND 0.03 1.66E-09 4.40E-05 1.63E-05 3.42E-04 0.03 
72 Gelatine Bovine Powder SWITZERLAND 0.03 8.61E-09 8.45E-05 6.86E-05 4.26E-04 1.61 
73 Gelatine Bovine Powder BRAZIL 0.02 3.75E-09 1.81E-05 4.20E-06 6.12E-04 0.73 
74 Gelatine Bovine Powder BRAZIL 1.13 1.57E-07 1.26E-03 1.69E-04 1.89E-02 22.46 
75 Gelatine Bovine Powder BRAZIL 3.79 4.30E-07 6.02E-03 4.22E-04 1.71E-02 18.93 
76 Milk Skimmed Sweetened Cond  NETHERLANDS 0.16 8.53E-09 7.97E-05 7.94E-05 8.97E-04 0.05 
77 Gelatine Bovine Powder ARGENTINA 2.16 2.02E-07 5.43E-03 2.46E-03 1.55E-02 65.74 
78 Gelatine Bovine Powder  BRAZIL 0.95 5.18E-07 1.26E-03 6.88E-04 9.65E-01 19.18 
79 Gelatine Bovine Powder  BRAZIL 1.03 5.36E-07 1.81E-03 7.02E-04 9.62E-01 16.40 
80 Confectionery factory ENGLAND 0.59 3.42E-08 8.07E-04 2.87E-04 5.95E-03 0.49 
81 
Chocolate confectionery 
products 
ENGLAND 0.42 2.50E-08 6.07E-04 2.18E-04 4.54E-03 0.37 
82 Sugar confectionery products ENGLAND 0.78 4.46E-08 9.94E-04 3.45E-04 7.12E-03 0.59 
83 Biscuit confectionery products ENGLAND 0.70 4.18E-08 1.04E-03 3.76E-04 7.86E-03 0.64 
84 Milk crumb SCOTLAND 0.28 1.56E-08 3.24E-04 1.09E-04 2.23E-03 0.19 
85 Milk Chocolate ENGLAND 0.16 1.01E-08 2.79E-04 1.05E-04 2.22E-03 0.18 
86 Wafer flavour GERMANY 0.75 5.11E-08 4.64E-04 1.49E-03 5.55E-03 1.30 
87 Cereal ENGLAND 0.44 2.72E-08 7.62E-04 2.85E-04 6.07E-03 4.81E-01 
88 Biscuit category ENGLAND 0.62 3.87E-08 1.05E-03 3.92E-04 8.25E-03 6.62E-01 
89 Wafer category ENGLAND 0.79 4.51E-08 1.03E-03 3.59E-04 7.42E-03 6.15E-01 
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Appendix E: Data and assumption for LCA of confectionery products 
Table E1. 1: Inventory data for ingredients used in different confectionery products based on the functional unit defined as the ‘production of 1 kg of manufactured 
confectionery product’. 
Ingredients  
Contribution to the total % weight of ingredients    
Milk 
crumb 
Milk 
chocolate 
A 
Milk 
chocolate B 
Dark 
chocolate 
Carmel-based 
milk chocolate 
confectionery 
Biscuit-based 
confectionery 
Dark 
chocolate 
confectionery 
Sugar 
confectionery 
Milk-based 
confectionery 
Cereal-based 
milk 
chocolate 
confectionery 
Wafer-based 
confectionery 
Location of 
supplier 
LCI data sources 
Cocoa butter - 16.92% 18.57% 16.80% - - - - - - - Germany WFLDB v.3.0 
Cocoa liquor 1.88% 11.32% 6.17% 18.99% - - - - - - - UK WFLDB v.3.0 
Cocoa powder     -   -  1.94% 0.34% UK WFLDB v.3.0 
Coconut powder - - - -  3.62% - - - -  - Philippines WFLDB v.3.0 
Corn starch powder - - - - - - - - - - - Holland Nestlé LCI DB 
Dairy productsa 79.62% 10.97% 5.43% 11.05% - - - 2.35% 38.24% 11.91% - 
European 
countries 
Miah et al (2017a) 
WFLDB v.3.0  
Nestlé LCI DB 
Dark chocolate - - - - 6.82% - 75.22% - - - - UK Miah et al (2017a) 
Fruit juice concentrates - - - - - - - - - - - 
European 
countries 
Miah et al (2017a)  
Gelatine powder - - - - - - - 3.45% - - - Brazil Miah et al (2017a) 
Glucose syrup - - - - - - - 3.50% - 12.65% - Manchester WFLDB v.3.0 
Gum Arabic powder - - - - 30.25% - - 27.02% - - - UK Miah et al (2017a) 
Lecithin - 1.26% 1.24% 1.25% - - - 3.17% 0.30% 0.03% - Spain WFLDB v.3.0 
Milk chocolate A - - - - 46.06% - - - - - - UK Miah et al (2017a) 
Milk chocolate B     - 51.43% - - - 27.78% 37.85% UK Miah et al (2017a) 
Milk crumb - 37.45% 46.17%  - - - - - - - UK Miah et al (2017a) 
Mint crystals  - - - - - - 24.53% - - - - UK 
Miah et al (2017a) 
WFLDB v.3.0 
Natural flavours - 0.02% - - - 1.35% 0.25% - 0.09% 0.02% 0.07% 
European 
countries 
Miah et al (2017a) 
Ecoinvent v2.2 
Oat flour - - - - 0.13% 12.85% - 2.12% - - - UK Miah et al (2017a) 
Palm oil - - - - - 6.97% - - 23.28% - 8.73% UK WFLDB v.3.0 
Rework  - - - - 4.33% - - - - - - UK Miah et al (2017a) 
Rice cereal     -   2.41%  13.36% - UK 
Miah et al (2017a) 
WFLDB v.3.0 
Salt - - - - - 0.40% - - 0.21% 0.10% - UK None available 
Sugar 18.50% 22.05% 22.42% 51.91% 0.10% 7.96% - - 20.92% 12.83% 15.54% UK WFLDB v.3.0 
Vegetable oil     12.06% -  35.89%  18.98% - UK WFLDB v.3.0 
Water - - - -  2.57 - - 16.95% 0.4% 20.17% UK Ecoinvent v2.2 
Wheat flour - - - - 0.25% 12.85% - - - - 17.30% UK Nestlé LCI DB 
a = Fresh milk, milk powder, condensed milk, whey permeate powder. 
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Table E1. 2: Primary and secondary packaging data for different confectionery products as percentage weight of final packaged product. 
Packaging material  
Packaging conversion 
process 
Contribution to the total % weight of final packaged product 
Location of 
supplier 
LCI data sources 
Carmel-based 
milk 
chocolate 
confectionery 
Biscuit-based 
confectionery 
Dark 
chocolate 
confectionery 
Sugar 
confectionery 
Milk-based 
confectionery 
Cereal-based 
milk 
chocolate 
confectionery 
Wafer-based 
confectionery 
Primary: 
Aluminium foil paper Sheet rolling, aluminium 
foil 
0.66% - - 0.72% - - - UK Miah et al (2017a)  
Ecoinvent v2.2 
Paper Cardboard box 
production, offset 
printing 
1.38% - - 1.25% - - - UK 
Miah et al (2017a)  
Ecoinvent v2.2 
Polypropylene (PP) 
film 
Extrusion, plastic film - 3.15% - - 2.47% 2.36% 3.66% UK Miah et al (2017a)  
Ecoinvent v2.2 
Corrugated board 
components 
Cardboard box 
production, offset 
printing 
- - 14.17% - - - - UK 
Miah et al (2017a)  
Ecoinvent v2.2 
Polyethylene 
terephthalate (PET) 
tray 
Calendering, plastic, 
rigid sheets 
- - 3.21% - - - - UK Miah et al (2017a)  
Ecoinvent v2.2 
Secondary: 
Packaging conversion 
process 
Contribution to the total % weight of final packaged product 
Location of 
supplier  
LCI data sources 
Carmel-based 
milk 
chocolate 
confectionery 
Biscuit-based 
confectionery 
Dark 
chocolate 
confectionery 
Sugar 
confectionery 
Milk-based 
confectionery 
Cereal-based 
milk 
chocolate 
confectionery 
Wafer-based 
confectionery 
Corrugated board box Cardboard box 
production, offset 
printing 
4.87% 4.92% 6.82% 4.17% 4.95% 7.29% 5.73% UK 
Miah et al (2017a)  
Ecoinvent v2.2 
 
Table E1. 3: Different percentage weight for disposal routes. 
Packaging material % recycled % incinerated 
Aluminium foil paper 42% 58% 
Paper 87% 13% 
Polypropylene (PP) film 42% 58% 
Corrugated board components 87% 13% 
Polyethylene terephthalate (PET) tray 42% 58% 
Corrugated board box 87% 13% 
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Table E1. 4: Transportation distances and modes for different LCA stages. 
Stage 
Location of 
supplier 
Distance and transportation mode Vehicle 
From ingredients to milk crumb: 
Cocoa liquor UK 
0 km as pumped by neighbouring 
factory 
Mechanical pump 
Dairy products 
European 
countries 
Various Various 
Sugar UK 659 km by road to factory Ambient transport, lorry 16-32 t 
From ingredients to milk chocolate (A or B) and dark chocolate: 
Cocoa butter Germany 
708 km by road from manufacturing 
site to port 
Ambient transport, lorry 16-32 t 
84 km by sea to the UK port Transoceanic freight ship 
446 km by road to factory Ambient transport, lorry 16-32 t 
Cocoa liquor UK 
0 km as pumped by neighbouring 
factory 
Mechanical pump 
Dairy products 
European 
countries 
Various Various 
Lecithin Spain 
1555 km by road from manufacturing 
site to port 
Ambient transport, lorry 16-32 t 
84 km by sea to the UK port Transoceanic freight ship 
446 km by road to factory Ambient transport, lorry 16-32 t 
Milk crumb UK 347 km by road to factory Ambient transport, lorry 16-32 t 
Natural flavours Various Various Various 
Sugar UK 336 km by road Ambient transport, lorry 16-32 t 
From ingredients to confectionery factory: 
Corn starch powder Holland 
342 km by road from manufacturing 
site to port 
Ambient transport, lorry 16-32 t 
84 km by sea to the UK port Transoceanic freight ship 
446 km by road to factory Ambient transport, lorry 16-32 t 
Dairy products 
European 
countries 
Various Various 
Dark chocolate, milk chocolate A and B UK 136 km by road to factory  Ambient transport, lorry 16-32 t 
Fruit juice concentrates 
European 
countries 
Various Various 
Gelatine powder Brazil 
307 km by road from manufacturing 
site to port 
Ambient transport, lorry 16-32 t 
8897 km by sea to the UK port Transoceanic freight ship 
571 km by road to factory Ambient transport, lorry 16-32 t 
Glucose syrup UK 241 km by road to factory   
Mint crystals  UK Various Various 
Natural flavours Various Various Various 
Oat flour UK 379 km by road to factory  
Palm oil UK 287 km by road to factory  
Coconut powder Philippines  
154 km by road from manufacturing 
site to port 
Ambient transport, lorry 16-32 t 
18437 km by sea to the UK port Transoceanic freight ship 
27 km by road to factory Ambient transport, lorry 16-32 t 
Rework  UK 0 km as reprocessed on-site. n/a  
Salt UK Various Various 
Sugar UK 462 km by road to factory Ambient transport, lorry 16-32 t 
Water UK 0 km as pumped by local water provider Mechanical pump 
Wheat flour UK 194 km by road to factory Ambient transport, lorry 16-32 t 
Vegetable oil UK 234 km by road to factory Ambient transport, lorry 16-32 t 
Rice cereal UK 323 km by road to factory Ambient transport, lorry 16-32 t 
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Cocoa powder Holland 
342 km by road from manufacturing 
site to port 
Ambient transport, lorry 16-32 t 
84 km by sea to the UK port Transoceanic freight ship 
572 km by road to factory Ambient transport, lorry 16-32 t 
From packaging materials to confectionery factory: 
Aluminium foil paper UK 472 km by road to factory Ambient transport, lorry 16-32 t 
Paper UK 23 km by road to factory Ambient transport, lorry 16-32 t 
Polypropylene (PP) film UK 400 km by road to factory Ambient transport, lorry 16-32 t 
Corrugated board components UK 8 km by road to factory Ambient transport, lorry 16-32 t 
Polyethylene terephthalate (PET) tray UK 221 km by road to factory Ambient transport, lorry 16-32 t 
Corrugated board box UK 130 km by road to factory Ambient transport, lorry 16-32 t 
From confectionery factory to distribution centre UK 136 km by road to factory Ambient transport, lorry 16-32 t 
From distribution centre to retailer UK 100 km by road to factory Ambient transport, lorry 16-32 t 
From retailer to consumer’s home UK 5 km by road to factory Ambient transport, lorry 3.5-7.5 t 
From consumer’s home to waste treatment facility UK 30 km by road to factory Ambient transport, lorry 16-32 t 
 
Table E1. 5: Changes in raw materials as part of improvement analysis. 
No Name of current material Material 
subsitution 
LCI database 
Before After 
1 Natural flavours Same  Ecoinvent v3 No change 
2 Cocoa Butter  Same  WFLDB v.3.0 Nestlé LCI DB 
3 Cocoa Liquor Same  WFLDB v.3.0 Nestlé LCI DB 
4 Cocoa Powder  Same  WFLDB v.3.0 Nestlé LCI DB 
5 Oat Flour Same  WFLDB v.3.0 Agrifootprint v.2.0 
6 Wheat flour Same  Nestlé LCI DB Agrifootprint v.2.0 
7 Gelatine powder Same  Miah et al (2017a) No change 
8 Glucose  Same  WFLDB v.3.0 No change 
9 Gum Arabic Powder  Same  Miah et al (2017a) No change 
10 Lactose  Same  WFLDB v.3.0 No change 
11 Milk Liquid  Soy milk WFLDB v.3.0 Nestlé LCI DB 
12 Milk Skimmed Powder  Soy milk powder  WFLDB v.3.0 Nestlé LCI DB 
13 Condensed milk Same  WFLDB v.3.0 No change 
14 Palm oil Same  WFLDB v.3.0 Nestlé LCI DB 
15 Vegetable oil Palm oil WFLDB v.3.0 WFLDB v.3.0 
16 Rice cereal Same  WFLDB v.3.0 WFLDB v.3.0 
17 Starch (maize) Pea starch  Nestlé LCI DB Nestlé LCI DB 
18 Sugar  Same  WFLDB v.3.0 Agrifootprint v.2.0 
19 Whey Permeate Powder Same  Nestlé LCI DB No change 
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Table E1. 6: Change in total environmental impact from changing raw materials. 
Environmental impact 
catgeory 
Sugar confectionery 
Carmel-based milk 
chocolate confectionery 
Cereal-based milk 
chocolate confectionery 
Dark chocolate 
confectionery 
Biscuit-based 
confectionery 
Milk-based confectionery 
Wafer-based 
confectionery 
Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ 
GWP  
(kg CO2-eq per unit) 
1.75 1.64 -6.3% 5.30 2.10 -60.4% 4.89 2.73 -44.2% 6.77 2.15 -68.2% 5.04 2.16 -57.2% 4.26 2.01 -52.8% 4.36 2.06 -52.7% 
Water depletion  
(m3 per unit) 
1.56 1.48 -4.7% 0.93 0.79 -15.3% 0.98 0.90 -8.0% 1.23 1.03 -16.0% 1.29 1.17 -9.4% 1.05 0.84 -19.7% 1.12 1.02 -8.8% 
ADP  
(kg Sb-eq per unit) 
0.00 0.00 -8.8% 0.01 0.01 -20.2% 0.01 0.01 -28.3% 0.01 0.01 -22.4% 0.01 0.00 -21.5% 0.01 0.00 -41.3% 0.00 0.00 -21.7% 
Land use  
(m2 per unit) 
0.37 0.39 4.3% 3.88 3.39 -12.7% 4.51 3.18 -29.6% 4.45 4.04 -9.2% 3.84 3.28 -14.7% 2.55 1.39 -45.7% 2.93 2.37 -18.9% 
Ecosystems quality  
(PDF.m2.year per unit) 
1.32 1.27 -3.8% 0.80 0.71 -11.2% 0.85 0.75 -12.0% 0.99 0.86 -12.8% 1.17 1.09 -6.6% 1.03 0.90 -12.5% 1.13 1.06 -6.1% 
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Table E1. 7: Modelling information for renewable energy on GaBi LCA software (Thinkstep, 2015). 
Renewable energy Unit Name of LCI profile LCI DB 
Wind kWh CH: electricity, at wind power plant Ecoinvent v.2.2 
Biomass MJ CH: heat, softwood chips from industry, at furnace 1000kW Ecoinvent v.2.2 
Biogas MJ CH: heat, at cogen with biogas engine, allocation energy Ecoinvent v.2.2 
 
 
 
 
 
 
 
 
Table E1. 8: Change in total environmental impact from renewable energy application at the factory level. 
Environmental impact 
category 
Sugar confectionery 
Carmel-based milk 
chocolate confectionery 
Cereal-based milk 
chocolate confectionery 
Dark chocolate 
confectionery 
Biscuit-based confectionery Milk-based confectionery 
Wafer-based 
confectionery 
Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ 
GWP  
(kg CO2-eq per unit) 
1.75 0.94 -46.5% 5.30 4.88 -7.9% 4.89 4.48 -8.5% 6.77 6.35 -6.2% 5.04 4.41 -12.6% 4.26 3.56 -16.5% 4.36 3.58 -17.8% 
Water depletion  
(m3 per unit) 
1.56 1.35 -13.3% 0.93 0.76 -18.7% 0.98 0.80 -17.8% 1.23 1.06 -14.2% 1.29 0.83 -35.5% 1.05 0.64 -38.6% 1.12 0.77 -30.9% 
ADP  
(kg Sb-eq per unit) 
0.00 0.00 0.0% 0.01 0.01 0.0% 0.01 0.01 0.0% 0.01 0.01 0.0% 0.01 0.01 0.0% 0.01 0.01 0.0% 0.00 0.00 0.0% 
Land use  
(m2 per unit) 
0.37 0.47 26.8% 3.88 3.92 1.0% 4.51 4.55 0.9% 4.45 4.49 0.9% 3.84 3.86 0.5% 2.55 2.57 0.8% 2.93 2.95 0.8% 
Ecosystems quality  
(PDF.m2.year per unit) 
1.32 13.97 958.1% 0.80 6.13 662.3% 0.85 6.17 626.3% 0.99 6.31 538.7% 1.17 4.68 301.6% 1.03 4.54 341.2% 1.13 4.65 310.3% 
 
 
                                                                                           
  Page 311 of 320 
 
Table E1. 9: Contribution analysis of Terrestial Ecotoxicity for natural gas fuel based on 1 MJ (Ecoinvent v2.2.). 
Major contributing LCI flows are highlighted in yellow. 
LCI Flows 
Terrestrial 
Ecotoxicity (TEG-
eq. to soil) 
% contribution of 
total 
1. Emissions to air 7.57E-03 - 
1.1. Heavy metals to air 7.57E-03 - 
Antimony 6.27E-07 0.0% 
Arsenic (+V) 1.27E-04 0.4% 
Cadmium (+II) 7.83E-05 0.2% 
Chromium (unspecified) 5.50E-04 1.7% 
Cobalt 2.07E-05 0.1% 
Copper (+II) 1.38E-03 4.3% 
Lead (+II) 2.04E-04 0.6% 
Mercury (+II) 1.31E-03 4.1% 
Nickel (+II) 6.09E-04 1.9% 
Selenium 9.26E-07 0.0% 
Zinc (+II) 3.29E-03 10.3% 
1.2. Inorganic emissions to air 4.67E-07 0.0% 
1.3. Organic emissions to air (group VOC) 3.39E-06 0.0% 
2. Emissions to fresh water 1.17E-09 0.0% 
3. Emissions to agricultural soil 4.47E-04 1.4% 
4. Emissions to industrial soil 2.38E-02 - 
4.1. Heavy metals to industrial soil 2.36E-02 - 
Arsenic (+V) 1.48E-04 0.5% 
Cadmium (+II) 1.63E-07 0.0% 
Chromium (unspecified) 1.71E-03 5.4% 
Copper (+II) 7.76E-03 24.4% 
Lead (+II) 9.57E-07 0.0% 
Nickel (+II) 1.31E-06 0.0% 
Zinc (+II) 1.40E-02 43.9% 
4.2. Inorganic emissions to industrial soil 2.21E-04 - 
Barium 2.21E-04 0.7% 
4.3. Other emissions to industrial soil 4.78E-08 0.0% 
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Table E1. 10: Contribution analysis of Terrestial Ecotoxicity for biomass fuel based on 1 MJ (Ecoinvent v2.2.). 
Major contributing LCI flows are highlighted in yellow. 
LCI Flows 
Terrestrial 
Ecotoxicity 
(TEG-eq. to 
soil) 
% 
contribution 
of total 
1. Emissions to air 4.15E-01 - 
1.1. Heavy metals to air 4.15E-01 - 
Antimony 2.13E-06 0.00% 
Arsenic (+V) 9.69E-04 0.05% 
Cadmium (+II) 1.00E-03 0.05% 
Chromium (unspecified) 3.44E-03 0.16% 
Cobalt 4.38E-05 0.00% 
Copper (+II) 3.53E-02 1.67% 
Lead (+II) 4.37E-03 0.21% 
Mercury (+II) 1.92E-03 0.09% 
Nickel (+II) 5.38E-03 0.25% 
Selenium 2.16E-06 0.00% 
Zinc (+II) 3.62E-01 17.16% 
1.2. Inorganic emissions to air 2.11E-05 - 
1.3. Organic emissions to air (group VOC) 5.26E-07 0.00% 
2. Emissions to fresh water 7.53E-11 0.00% 
3. Emissions to agricultural soil 1.65E+00 - 
3.1. Heavy metals to agricultural soil 1.65E+00 - 
Antimony 1.03E-10 0.00% 
Arsenic (+V) 2.29E-03 0.11% 
Cadmium (+II) 1.05E-02 0.50% 
Chromium (unspecified) 6.16E-02 2.92% 
Cobalt 3.14E-03 0.15% 
Copper (+II) 1.59E-01 7.51% 
Lead (+II) 6.89E-03 0.33% 
Mercury (+II) 3.80E-04 0.02% 
Nickel (+II) 2.56E-02 1.21% 
Zinc (+II) 1.38E+00 65.31% 
3.2. Inorganic emissions to agricultural soil 6.48E-10 0.00% 
3.3. Other emissions to agricultural soil 7.13E-06 0.00% 
4. Emissions to industrial soil 4.89E-02 2.31% 
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Table E1. 11: Changes in packaging materials as part of improvement analysis. 
No Name of current material Material substitution LCI database 
Before After 
1 Aluminium foil paper Recycled aluminium  Miah et al (2017a) Ecoinvent v2.2 
2 Paper Unbleached paper Miah et al (2017a) Ecoinvent v2.2 
3 Polypropylene (PP) film Recycled PP Miah et al (2017a) Ecoinvent v2.2 
4 Corrugated board components Whitelined board Miah et al (2017a) Ecoinvent v2.2 
5 Polyethylene terephthalate (PET) tray Same  Miah et al (2017a) Ecoinvent v2.2 
 
 
Table E1. 12: Change in total environmental impact from changing packaging materials. 
Environmental impact 
caregory 
Sugar confectionery 
Carmel-based milk 
chocolate confectionery 
Cereal-based milk 
chocolate confectionery 
Dark chocolate 
confectionery 
Biscuit-based 
confectionery 
Milk-based confectionery Wafer-based confectionery 
Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ 
GWP  
(kg CO2-eq per unit) 
1.75 1.78 1.6% 5.30 5.33 0.6% 4.89 4.91 0.3% 6.77 6.84 1.0% 5.04 
5.05 
0.1% 4.26 4.27 0.2% 4.36 4.37 0.2% 
  
Water depletion  
(m3 per unit) 
1.56 1.51 -3.0% 0.93 0.88 -5.8% 0.98 0.88 -9.8% 1.23 1.03 -16.5% 1.29 1.21 -6.3% 1.05 0.97 -7.1% 1.12 1.02 -8.5% 
ADP  
(kg Sb-eq per unit) 
0.00 0.00 10.4% 0.01 0.01 6.4% 0.01 0.01 10.5% 0.01 0.01 17.2% 0.01 0.01 16.3% 0.01 0.01 11.2% 0.00 0.01 23.5% 
Land use  
(m2 per unit) 
0.37 0.42 13.3% 3.88 3.93 1.4% 4.51 4.54 0.6% 4.45 4.53 1.8% 3.84 3.86 0.5% 2.55 2.57 0.7% 2.93 2.95 0.7% 
Ecosystems quality  
(PDF.m2.year per unit) 
1.32 1.27 -3.5% 0.80 0.75 -6.6% 0.85 0.75 -11.6% 0.99 0.79 -19.9% 1.17 1.08 -7.5% 1.03 0.95 -7.6% 1.13 1.03 -8.9% 
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Table E1. 13: Contribution analysis of Abiotic Depletion Potential (ADP) for Whitelined board based on 1 kg 
(Ecoinvent v2.2.). Major contributing LCI flows are highlighted in yellow. 
 
 
 
LCI Flows 
ADP           
(kg Sb-Eq) 
% 
contribution 
of total 
1. Material resources 1.05E-06 - 
1.1.Non renewable elements 9.66E-07 - 
Aluminium 4.78E-13 0% 
Bromine 8.39E-09 1% 
Chromium 7.36E-08 7% 
Cobalt 1.59E-14 0% 
Copper 1.99E-07 19% 
Gallium 2.69E-19 0% 
Gold 3.84E-07 37% 
Indium 3.70E-11 0% 
Iodine 1.04E-08 1% 
Iron 3.43E-10 0% 
Lead 1.02E-07 10% 
Lithium 1.03E-13 0% 
Magnesium 2.56E-17 0% 
Manganese 3.64E-11 0% 
Molybdenum 4.58E-08 4% 
Nickel 2.74E-08 3% 
Palladium 3.20E-10 0% 
Phosphorus 2.96E-10 0% 
Platinum 1.06E-10 0% 
Rhenium 1.78E-12 0% 
Silver 2.39E-08 2% 
Sulphur 8.74E-09 1% 
Tantalum 2.96E-13 0% 
Tellurium 4.03E-08 4% 
Tin 5.99E-09 1% 
Zinc 3.53E-08 3% 
Zirconium 5.36E-14 0% 
1.2. Non renewable resources 8.58E-08 8% 
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Table E1. 14: Change in total environmental impact from product reformulation. 
Environmental impact 
category 
Sugar confectionery 
Carmel-based milk 
chocolate confectionery 
Cereal-based milk 
chocolate confectionery 
Dark chocolate 
confectionery 
Biscuit-based 
confectionery 
Milk-based confectionery 
Wafer-based 
confectionery 
Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ 
GWP  
(kg CO2-eq per unit) 
1.75 1.72 -1.5% 5.30 5.11 -3.7% 4.89 4.75 -3.0% 6.77 6.42 -5.1% 5.04 4.77 -5.4% 4.26 3.94 -7.5% 4.36 4.16 -4.6% 
Water depletion  
(m3 per unit) 
1.56 1.62 4.1% 0.93 0.92 -1.2% 0.98 0.97 -0.9% 1.23 1.21 -1.6% 1.29 1.27 -1.3% 1.05 1.01 -3.3% 1.12 1.11 -1.1% 
ADP  
(kg Sb-eq per unit) 
0.00 0.00 -4.5% 0.01 0.01 -0.7% 0.01 0.01 -0.6% 0.01 0.01 -1.3% 0.01 0.01 -1.9% 0.01 0.01 -12.8% 0.00 0.00 -1.7% 
Land use  
(m2 per unit) 
0.37 0.33 -12.1% 3.88 3.70 -4.6% 4.51 4.38 -2.9% 4.45 4.13 -7.1% 3.84 3.59 -6.5% 2.55 2.19 -14.1% 2.93 2.75 -6.2% 
Ecosystems quality  
(PDF.m2.year per unit) 
1.32 1.35 2.6% 0.80 0.80 -0.2% 0.85 0.85 -0.2% 0.99 0.99 -0.2% 1.17 1.16 -0.2% 1.03 1.01 -1.6% 1.13 1.13 -0.2% 
 
 
Table E1. 15: Change in total environmental impact from zero waste to landfill and 50% food waste reduction from factory to consumer boundary. 
Environmental impact 
catgeory 
Sugar confectionery 
Carmel-based milk 
chocolate confectionery 
Cereal-based milk 
chocolate confectionery 
Dark chocolate 
confectionery 
Biscuit-based 
confectionery 
Milk-based confectionery 
Wafer-based 
confectionery 
Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ 
GWP  
(kg CO2-eq per unit) 
1.75 1.70 -3.1% 5.30 5.27 -0.6% 4.89 4.86 -0.6% 6.77 6.74 -0.4% 5.04 4.99 -1.2% 4.26 4.20 -1.4% 4.36 4.29 -1.4% 
Water depletion  
(m3 per unit) 
1.56 1.54 -1.1% 0.93 0.93 -0.4% 0.98 0.98 -0.4% 1.23 1.23 -0.3% 1.29 1.26 -1.8% 1.05 1.03 -2.1% 1.12 1.10 -1.9% 
ADP  
(kg Sb-eq per unit) 
0.00 0.00 -0.3% 0.01 0.01 -0.3% 0.01 0.01 -0.3% 0.01 0.01 -0.2% 0.01 0.01 0.0% 0.01 0.01 -0.1% 0.00 0.00 0.0% 
Land use  
(m2 per unit) 
0.37 0.37 -0.1% 3.88 3.88 0.0% 4.51 4.51 0.0% 4.45 4.45 0.0% 3.84 3.84 0.0% 2.55 2.55 0.0% 2.93 2.93 0.0% 
Ecosystems quality  
(PDF.m2.year per unit) 
1.32 1.30 -1.6% 0.80 0.80 -0.7% 0.85 0.84 -0.6% 0.99 0.98 -0.5% 1.17 1.14 -2.2% 1.03 1.00 -2.5% 1.13 1.11 -2.3% 
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Table E1. 16: Overall change in total environmental impact from combined five improvement strategies. 
Environmental impact 
category 
Sugar confectionery 
Carmel-based milk 
chocolate confectionery 
Cereal-based milk 
chocolate confectionery 
Dark chocolate 
confectionery 
Biscuit-based 
confectionery 
Milk-based confectionery 
Wafer-based 
confectionery 
Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ 
GWP  
(kg CO2-eq per unit) 
1.75 0.77 -55.8% 5.30 1.49 -71.9% 4.89 2.15 -56.0% 6.77 1.43 -78.9% 5.04 1.20 -76.3% 4.26 0.94 -77.9% 4.36 1.03 -76.3% 
Water depletion  
(m3 per unit) 
1.56 1.28 -18.0% 0.93 0.55 -41.4% 0.98 0.62 -36.8% 1.23 0.63 -48.6% 1.29 0.59 -54.3% 1.05 0.31 -70.8% 1.12 0.55 -51.2% 
ADP  
(kg Sb-eq per unit) 
0.00 0.00 -3.1% 0.01 0.01 -14.8% 0.01 0.01 -18.8% 0.01 0.01 -6.8% 0.01 0.01 -7.1% 0.01 0.00 -42.9% 0.00 0.00 0.0% 
Land use  
(m2 per unit) 
0.37 0.49 32.1% 3.88 3.30 -14.8% 4.51 3.11 -31.0% 4.45 3.84 -13.7% 3.84 3.07 -20.1% 2.55 1.07 -58.2% 2.93 2.24 -23.6% 
Ecosystems quality  
(PDF.m2.year per unit) 
1.32 13.89 951.8% 0.80 5.98 643.6% 0.85 5.96 601.9% 0.99 5.98 505.2% 1.17 4.49 285.1% 1.03 4.29 317.0% 1.13 4.45 292.7% 
 
 
Table E1. 17: Overall change in total environmental impact from combined improvement strategies that demonstrate a reduction in aggregated environmental impact. 
Environmental impact 
category 
Sugar confectionery 
Carmel-based milk 
chocolate confectionery 
Cereal-based milk 
chocolate confectionery 
Dark chocolate 
confectionery 
Biscuit-based 
confectionery 
Milk-based confectionery Wafer-based confectionery 
Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ Before  After % ∆ 
GWP  
(kg CO2-eq per unit) 
1.75 1.59 -9.4% 5.30 1.87 -64.7% 4.89 2.55 -47.8% 6.77 1.78 -73.7% 5.04 1.83 -63.8% 4.26 1.63 -61.7% 4.36 1.80 -58.7% 
Water depletion  
(m3 per unit) 
1.56 1.47 -5.8% 0.93 0.78 -16.9% 0.98 0.89 -9.2% 1.23 1.01 -17.9% 1.29 1.13 -12.5% 1.05 0.78 -25.1% 1.12 0.99 -11.8% 
ADP  
(kg Sb-eq per unit) 
0.00 0.00 -9.1% 0.01 0.01 -21.2% 0.01 0.01 -29.3% 0.01 0.01 -24.0% 0.01 0.00 -23.4% 0.01 0.00 -54.1% 0.00 0.00 -23.5% 
Land use  
(m2 per unit) 
0.37 0.39 4.2% 3.88 3.21 -17.3% 4.51 3.04 -32.5% 4.45 3.72 -16.4% 3.84 3.03 -21.1% 2.55 1.03 -59.8% 2.93 2.19 -25.1% 
Ecosystems quality  
(PDF.m2.year per unit) 
1.32 1.25 -5.4% 0.80 0.71 -12.1% 0.85 0.74 -12.8% 0.99 0.85 -13.6% 1.17 1.06 -9.0% 1.03 0.86 -16.6% 1.13 1.04 -8.6% 
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Appendix F: Data and assumptions for LCA at factory level 
For confectionery products No# 1, 9, 13, 15, 17, 18, 20, they are labelled as sugar confectionery, carmel-based milk chocolate confectionery, cereal-based 
milk chocolate confectionery, dark chocolate confectionery, wafer-based confectionery, biscuit-based confectionery, and milk-based confectionery, 
respectively in Table D1.1.  
Table F1. 1: Inventory data for ingredients used in different confectionery products based on the functional unit defined as the ‘production of 1 kg of manufactured 
confectionery product’. 
Ingredients  
  Contribution to the total % weight of ingredients Location of 
supplier  
LCI data sources 
2 3 4 5 6 7 8 10 11 12 14 16 19 
Biscuit  - - - - - - - - 6.12% 6.12% - - - UK Miah et al (2017a) 
Cocoa powder - - - - - - -  - - - - 3.65 UK WFLDB v.3.0 
Corn starch powder 2.35% 10.14 10.14% 7.52% 7.52% - - - - - -  - Holland Nestlé LCI DB 
Dairy productsa - - - - - - - 6.82% 6.29 6.29 3.24% - - 
European 
countries 
Miah et al (2017a) 
WFLDB v.3.0  
Nestlé LCI DB 
Dark chocolate - - - - - - - - - - - 75.22% - UK Miah et al (2017a) 
Fruit juice 
concentrates 
3.45% 4.00% 4.00% 3.58% 3.58% 0.74% 0.74% - - - 
- 
- - 
European 
countries 
Miah et al (2017a)  
Gelatine powder 3.50% 3.51% 3.51% - - - - - - - - - - Brazil Miah et al (2017a) 
Glucose syrup 27.02% 27.76% 27.76% 26.31% 26.31% 27.35% 27.35% 30.25% 22.19% 22.19% 21.85% - - Manchester WFLDB v.3.0 
Gum Arabic 
powder 
3.17% - - - - 0.83% 0.83% - - - 
- 
- - UK Miah et al (2017a) 
Lecithin - - - - - - - - - - - - - Spain WFLDB v.3.0 
Milk chocolate A - - - - - - - 46.06% 53.84% 53.84% - - - UK Miah et al (2017a) 
Milk chocolate B - - - - - - - - - - 28.04% - 57.64% UK Miah et al (2017a) 
Milk crumb - - - - - - - - - - - 24.53% - UK Miah et al (2017a) 
Mint crystals  - - - - - - - - - - 
- 
0.25% - UK 
Miah et al (2017a) 
WFLDB v.3.0 
Natural flavours 2.12% 4.14% 4.14% 2.72% 2.72% 1.42% 1.42% 0.13% 0.03% 0.03% 
- 
- 1.18% 
European 
countries 
Miah et al (2017a) 
Ecoinvent v2.2 
Oat flour - - - - - - - - - - - - 11.14% UK Miah et al (2017a) 
Palm oil - - - - - 2.53% 2.53% 4.33% 4.87% 4.87% 4.71% - 5.72% UK WFLDB v.3.0 
Rework  2.41% - - - - - - - - - -  - UK Miah et al (2017a) 
Salt - - - - - - - 0.10% 0.08% 0.08% 0.18% - - UK None available 
Sugar 35.89% 23.86% 23.86% 40.88% 40.88% 53.86% 53.86% 12.06% 6.48% 6.48% 6.12%  6.53% UK WFLDB v.3.0 
Vegetable oil - 0.09% 0.09% - - - -  - - - - - UK WFLDB v.3.0 
Wafer - - - - - - - - - - 35.85% - - UK Miah et al (2017a) 
Water 20.10% 26.50% 26.50% 18.98% 18.98% 13.27% 13.27% 0.25% 0.11% 0.11% -  2.63% UK Ecoinvent v2.2 
Wheat flour - - - - - - - - - - -  11.51% UK Nestlé LCI DB 
a = Fresh milk, milk powder, condensed milk, whey permeate powder. -
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Table F1. 2: Part 1: Primary and secondary packaging data for different confectionery products as percentage weight of final packaged product. 
Packaging material  Packaging conversion 
process 
Contribution to the total % weight of final packaged product 
Location of 
supplier 
LCI data sources 2 3 4 5 6 7 8 
Primary: 
Aluminium foil paper Sheet rolling, aluminium 
foil 
- 0.77% - - - - - UK Miah et al (2017a)  
Ecoinvent v2.2 
Paper Cardboard box production, 
offset printing 
- 1.45% - - - - - UK Miah et al (2017a) 
Ecoinvent v2.2 
Polypropylene (PP) film Extrusion, plastic film 1.80% - 1.80% 4.25% 1.90% 3.41% 3.41% UK Miah et al (2017a)  
Ecoinvent v2.2 
Corrugated board 
components 
Cardboard box production, 
offset printing 
- - - - - - - UK Miah et al (2017a)  
Ecoinvent v2.2 
Polyethylene 
terephthalate (PET) tray 
Calendering, plastic, rigid 
sheets 
- - - - - - - UK Miah et al (2017a)  
Ecoinvent v2.2 
Secondary: 
Packaging conversion 
process 
Contribution to the total % weight of final packaged product Location of 
supplier  
LCI data sources 
2 3 4 5 6 7 8 
Corrugated board box Cardboard box production, 
offset printing 
8.04% 5.25% 8.04% 6.60% 8.49% 6.25% 6.25% UK Miah et al (2017a)  
Ecoinvent v2.2 
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Table F1. 3: Part 2: Primary and secondary packaging data for different confectionery products as percentage weight of final packaged product. 
Packaging material  Packaging conversion 
process 
Contribution to the total % weight of final packaged product 
Location of 
supplier 
LCI data sources 10 11 12 14 16 19 
Primary: 
Aluminium foil paper Sheet rolling, aluminium 
foil 
- 1.46% - - - - UK Miah et al (2017a)  
Ecoinvent v2.2 
Paper Cardboard box production, 
offset printing 
- 0.51% - - - - UK Miah et al (2017a) 
Ecoinvent v2.2 
Polypropylene (PP) film Extrusion, plastic film 2.87% - 2.87% 1.77% 2.10% 2.86% UK Miah et al (2017a)  
Ecoinvent v2.2 
Corrugated board 
components 
Cardboard box production, 
offset printing 
- - - - - - UK Miah et al (2017a)  
Ecoinvent v2.2 
Polyethylene 
terephthalate (PET) tray 
Calendering, plastic, rigid 
sheets 
- - - - - - UK Miah et al (2017a)  
Ecoinvent v2.2 
Secondary: 
Packaging conversion 
process 
Contribution to the total % weight of final packaged product Location of 
supplier  
LCI data sources 
10 11 12 14 16 19 
Corrugated board box Cardboard box production, 
offset printing 
11.00% 4.07% 11% 6.33% 8.07% 4.42% UK Miah et al (2017a)  
Ecoinvent v2.2 
 
Table F1. 4: Modelling information for renewable energy on GaBi LCA software (Thinkstep, 2015). 
Renewable energy Unit Name of LCI profile LCI DB 
Wind kWh CH: electricity, at wind power plant Ecoinvent v2.2 
Biomass MJ CH: heat, softwood chips from industry, at furnace 1000kW Ecoinvent v2.2 
Biogas MJ CH: heat, at cogen with biogas engine, allocation energy Ecoinvent v2.2 
Solar Thermal MJ CH: heat, at flat plate collector, multiple dwelling, for hot water  Ecoinvent v2.2 
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Figure F1. 1: Comparison of the trade-off between the different methodologies to evaluate the environmental 
impact at factory level. 
 
 
